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AT H I G H  SPEEDS A N D  H I G H  TEMPERATURES 
B E A R I N G  LUBRICANT E N D U R A N C E  CHARACTERISTICS 

INTRODUCTION 

T h i s  i s  t h e  t e n t h  q u a r t e r l y  p r o g r e s s  r e p o r t  on  r e s e a r c h  
p e r f o r m e d  u n d e r  C o n t r a c t  NASw-492, " A  S t u d y  o f  B e a r i n g  L u b r i c a n t  
E n d u r a n c e  C h a r a c t e r i s t i c s  a t  H i g h  S p e e d s  a n d  H i g h  T e m p e r a t u r e s . "  

R e s e a r c h  i s  b e i n g  u n d e r t a k e n  i n  two p h a s e s :  

a .  I n  P h a s e  I ,  t h e  l i m i t i n g  l o a d ,  s p e e d  a n d  
t e m p e r a t u r e  o f  h i g h - t e m p e r a t u r e  t o o l - s t e e l  
b a l l  b e a r i n g s  ( 7 2 0 5 - s i z e )  l u b r i c a t e d  w i t h  
t h e  m o s t  a d v a n c e d  p r e s e n t - d a y  f l u i d s  a r e  
b e i n g  e v a l u a t e d . \  

b .  I n  P h a s e  11, o p t i m u m  b e a r i n g - l u b r i c a n t  
c o m b i n a t i o n s  a r e  b e i n g  e n d u r a n c e  t e s t e d  
i n  3 0 - b e a r i n g  g r o u p s  a t  t h e  p r e d e t e r m i n e d  
t e s t  c o n d i t i o n s  i n  o r d e r  t o  e s t a b l i s h  t h e i r  
d e s i g n  l i f e  a n d  r e l i a b i l i t y  p a r a m e t e r s .  

T e s t s  a r e  c o n d u c t e d  i n  h i g h - s p e e d  h i g h - t e m p e r a t u r e  t e s t  
m a c h i n e s  d e v e l o p e d  b y  3CSF I n d u s t r i e s ,  I n c . ,  i n  a n i t r o g e n -  
b l a n k e t e d  e n v i r o n m e n t  ( e x c e p t  f o r  some t e s t s  i n  w h i c h  t h e  e f f e c t  
o f  a i r  e n v i r o n m e n t  i s  s t u d i e d ) .  

CONCLUSIONS 

1.  E s t e r - b a s e  l u b r i c a n t s ,  s u c h  a s  E s s o  T u r b o  O i l  35 a n d  
S i n c l a i r  T u r b o  S l u b r i c a t e  M - 1  t o o l  s t e e l  b e a r i n g s  q u i t e  s a t i s -  
f a c t o r i l y  a t  h i g h  s p e e d s  a n d  t e m p e r a t u r e s  u p  t o  500°F, u n d e r  
w h i c h  c o n d i t i o n s  a b o u t  h a l f  t h e  AFBMA c o m p u t e d  l i f e  c a n  b e  
o b t a i n e d .  

-1 - 

R E S E A R C H  LABORATORY S)cp I N D U S T R I E S ,  I N C .  



I: 
AL65T031 

2 .  M o n s a n t o  S k y l u b e  600 p o l y p h e n y l  e t h e r  d i d  n o t  l u b r i c a t e  
t h e  M - 1  b e a r i n g s  w e l l  u n d e r  a n y  o f  t h e  t e s t  c o n d i t i o n s  u s e d ,  d u e  
t o  a l a r g e  n u m b e r  o f  s m e a r i n g  f a i l u r e s  s h o r t l y  a f t e r  s t a r t - u p  i n  
t h e s e  h i g h - s p e e d  t e s t s .  I n i t i a l  t e s t i n g  w i t h  M o n s a n t o  MCS-293 
a n d  OS-138  p o l y p h e n y l  e t h e r s  i n d i c a t e  t h a t  t h e s e  l u b r i c a n t s  may 
b e  s u p e r i o r  t o  t h e  S k y l u b e  600. 

3.  S o c o n y  M o b i l  X R M  1 0 9 F - 1  h y d r o c a r b o n  g a v e  u n s a t i s f a c t o r y  
p e r f o r m a n c e  ( a b o u t  1% o f  c o m p u t e d  l i f e )  a t  6 0 0 ° F ,  p r e s u m a b l y  
d u e  t o  i t s  i n a b i l i t y  t o  p r e v e n t  s m e a r i n g  i n  t h e s e  h i g h - s p e e d  
t e s t s  ( 4 2 , 8 0 0  r p m ) .  T h e  e f f e c t  o f  b e a r i n g  g r o o v e  r o u g h n e s s  a n d  
a n t i - w e a r  a d d i t i v e s  o n  b e a r i n g  p e r f o r m a n c e  i s  b e i n g  e x p l o r e d .  

SUMMARY 

1 .  P h a s e  I T e s t i n g  

( a >  L o n g e r  b e a r i n g  l i f e  w a s  o b t a i n e d  d u r i n g  t h i s  r e p o r t  
p e r i o d  w i t h  p o l y p h e n y l  e t h e r  t y p e  l u b r i c a n t s  t h a n  i n  a n y  p r e v i o u s  
p o l y p h e n y l  e t h e r  t e s t s .  M o n s a n t o  MCS-293 ( a  m o d i f i e d  p o l y p h e n y l  
e t h e r  h a v i n g  - 2 0 ° F  p o u r  p o i n t )  o p e r a t e d  i n  o n e  t e s t  a t  5 0 0 ° F ,  
4 2 , 8 0 0  r p m ,  a n d  365 l b s .  l o a d  f o r  58 .5  m i l l .  r e v s .  w i t h o u t  s u r -  
f a c e  d i s t r e s s .  T h i s  p e r f o r m a n c e  i s  c o n s i d e r a b l y  b e t t e r  t h a n  a n t i c i -  
p a t e d  o n  t h e  b a s i s  o f  t h e  c r i t i c a l  o i l  f i l m  t h i c k n e s s  c o m p u t e d  
f r o m  p r e v i o u s  t e s t  r e s u l t s  w i t h  t h e  m o r e  v i s c o u s  5 - r i n g  a n d  6 -  
r i n g  l u b r i c a n t s .  T h e  6 - r i n g  f l u i d ,  M o n s a n t o  OS-138, o p e r a t e d  
i n  a n o t h e r  t e s t  a t  5 9 8 0 F  f o r  5 0 . 3  m i l l .  r e v s .  w i t h  o n l y  s l i g h t  
g l a z i n g  o f  t h e  i n n e r - r i n g  b a l l  t r a c k .  

l u b r i c a n t  i n  a n  a i r  e n v i r o n m e n t  s u r v i v e d  f o r  a p p r e c i a b l e  l i v e s ,  
w h i c h  may r e f e c t  a n  i m p r o v e d  b o u n d a r y  l u b r i c a t i n g  c h a r a c t e r i s t i c  
o f  t h i s  o x i d a t i o n - r e s i s t a n t  f l u i d  i n  a n  o x i d i z i n g  a t m o s p h e r e .  
I n  o n e  o f  t h e  t e s t s  i n  a i r ,  w i t h  4 5 9  l b s .  l o a d ,  t h e  S k y l u b e  600 
o p e r a t e d  a t  572OF f o r  189.3 m i l l .  r e v s . ,  w i t h  o n l y  s l i g h t  g l a z i n g  
o f  t h e  r a c e w a y s .  T h i s  c o n t r a s t s  w i t h  13 e a r l y  f a i l u r e s  o u t  o f  
1 6  w i t h  S k y l u b e  600 i n  N 2  a t m o s p h e r e  ( t o  b e  d i s c u s s e d  l a t e r ) .  

Two o f  f o u r  t e s t s  w i t h  t h e  5 - r i n g  M o n s a n t o  S k y l u b e  600 

( b )  A s i n g l e  t e s t  w a s  c o n d u c t e d  a t  580 l b s .  l o a d  w i t h  
CVM M - 1  b e a r i n g s  a n d  t h e  e s t e r - b a s e  l u b r i c a n t ,  E s s o  T u r b o  O i l  3 5 ,  
a t  5 0 0 0 F ,  t o  e s t a b l i s h  t h e  l i m i t i n g  l o a d  f o r  t h i s  b e a r i n g - l u b r i c a n t  

-2- 

RESEARCH LABORATORY SKP I N D U S T R I E S ,  I N C .  



AL65T03  1 

c o m b i n a t i o n .  O n e  b e a r i n g  s m e a r e d  a f t e r  115.3 m i l l .  r e v s .  a t  
5 0 0 ° F ,  w h i l e  t h e  o t h e r  b e a r i n g  o p e r a t e d  f o r  t h e  s a m e  l i f e  a t  
4 8 4 0 F  w i t h o u t  s u r f a c e  d i s t r e s s ,  i n d i c a t i n g  t h a t  t h e  s a f e  o p e r a t i n g  
t e m p e r a t u r e  i s  b e l o w  5 0 0 ° F  a t  t h i s  h i g h  l o a d  ( l o w e r  l o a d  t e s t s  
w i l l  b e  d e s c r i b e d  b e l o w ) .  

S i n c l a i r  T u r b o  S e s t e r - b a s e  l u b r i c a n t  o p e r a t e d  a t  
3 6 5  l b s .  l o a d  f o r  2 3 0  m i l l .  r e v s .  i n  o n e  t e s t  a t  5 5 0 ° F ,  w i t h  
o n l y  s l i g h t  g l a z i n g ,  t h u s  d e m o n s t r a t i n g  a t  l e a s t  a s  much maximum 
t e m p e r a t u r e  c a p a b i l i t y  a s  T u r b o  O i l  35. 

( c )  Two M - 1  b e a r i n g s  o p e r a t e d  s a t i s f a c t o r i l y  w i t h  
K e n d e x  B r i g h t  S t o c k  0 8 4 6  m i n e r a l  o i l  a t  4 9 0 °  t o  5 7 0 ° F ,  u n d e r  
4 5 9  l b s .  l o a d  f o r  2 3 1  m i l l .  r e v s . ,  i n d i c a t i n g  t h a t  t h i s  l u b r i c a n t  
may h a v e  a s  much maximum t e m p e r a t u r e  c a p a b i l i t y  a s  S o c o n y  M o b i l  
X R M  1 0 9 F - 1  h y d r o c a r b o n ,  i n  w h i c h  P h a s e  I1 e n d u r a n c e  t e s t s  a r e  
b e i n g  r u n .  

2 .  P h a s e  I1 E n d u r a n c e  T e s t i n g  

R e s u l t s  o f  e n d u r a n c e  t e s t i n g  a t  4 2 , 8 0 0  rpm c o m p l e t e d  
d u r i n g  t h i s  r e p o r t  p e r i o d  o n  t h r e e  c o m p l e t e  g r o u p s  o f  s t a t i s t i c a l l y  
s i m i l a r  7 2 0 5  b e a r i n g s  m a d e  o f  C V M  M - 1  s t e e l  a n d  s t a r t e d  o n  t h r e e  
o t h e r  s m a l l e r  g r o u p s ,  t o g e t h e r  w i t h  t h e  maximum l i k e l i h o o d  
e s t i m a t e d  l i f e  p a r a m e t e r s  f o r  e a c h  g r o u p  ( w h e r e  a v a i l a b l e ) ,  a r e  
summa r i z e d  b e l  ow . 

I 
I 
I 
I 
I 
I -3- 
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Brg. L I O  L i f e ,  Mill. Revs. 
Est. 

N o .  F r o m  
S m e a r i n g  S m e a r i n g  

A v g  . T h r u s t  No. a n d  T o t a l  a n d  
Temp. L o a d  Brgs. F l a k i n g  No. F l a k i n g  
OF L b s .  T e s t e d  F a i l u r e s  F a i l u r e s  A F B M A  F a i l u r e s  - - -  L u b r i c a n t  

T u r b o  O i l  35 500 365 30 2 8 480 247.7 

S k y l u b e  600 595 459 2 2  1 1  1 3  240 * 
S k y l u b e  600 4 8 1  365 6 3 3 480 * 
S k y l u b e  600.. 600 459 8 4 4 2 40 
X R M  1 0 9 F - 1  600 459 1 0  3 5 240 3.17 

T u r b o  O i l  35 500 459 30 1 0  1 3  240 58.8 

* N o  v a l i d  l i f e  e s t i m a t e s  w e r e  o b t a i n e d  s i n c e  m o s t  f a i l u r e s  o c c u r r e d  s h o r t l y  a f t e r  
start-up . 

**These t e s t s  w e r e  r u n  in an a i r  e n v i r o n m e n t ,  a l l  o t h e r s  w i t h  N p  b l a n k e t i n g .  

Est. 
T o t a l  

F a i l u r e s  

116.9 
47.7 * 
* 
* 
2.03 
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T h e s e  r e s u l t s  s h o w  t h a t  a b o u t  h a l f  t h e  AFBMA c o m p u t e d  
L 1 o  l i f e  o f  t h e s e  b e a r i n g s  c a n  b e  o b t a i n e d  a t  500°F w i t h  T u r b o  
O i l  3 5  u n d e r  365 l b s .  l o a d ,  b u t  a t  4 5 9  l b s .  l o a d ,  l e s s  t h a n  1 / 4  
o f  t h e  c o m p u t e d  l i f e  i s  r e a l i z e d .  N u m e r o u s  f a i l u r e s  s h o r t l y  
a f t e r  s t a r t - u p  w i t h  S k y l u b e  600 a r e  a t t r i b u t e d  t o  t h e  p o o r  
b o u n d a r y  l u b r i c a t i n g  p r o p e r t i e s  o f  t h i s  f l u i d .  T h e  p o s s i b i l i t y  
t h a t  b a l l  s k i d d i n g  i n  r i n g  g r o o v e s  h a v i n g  v e r y  s m o o t h  s u r f a c e  
f i n i s h  may c o n t r i b u t e  t o  s m e a r i n g  f a i l u r e s  w i l l  b e  i n v e s t i g a t e d .  
T h e  v e r y  l o w  p r e l i m i n a r y  l i f e  e s t i m a t e s  w i t h  X R M  1 0 9 F - 1  a r e  
c o n t r a r y  t o  p r e v i o u s  P h a s e  I t e s t  r e s u l t s  a n d  may a l s o  r e s u l t  
f r o m  b a l l  s k i d d i n g  e f f e c t s ,  s i n c e  t h i s  o i l  d o e s  n o t  c o n t a i n  a n t i -  
w e a r  a d d i t i v e s .  T h e  p o s s i b i l i t y  o f  r u n n i n g  f u r t h e r  t e s t s  w i t h  
a n  X R M  1 0 9 F - 1  o i l  h a v i n g  a n  a n t i - w e a r  a d d i t i v e  i s  b e i n g  s t u d i e d .  

- 4 -  
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DETAILS --- 
T h e  b e a r i n g s  t e s t e d  d u r i n g  t h i s  r e p o r t  p e r i o d  were c o n -  

s t r u c t e d  w i t h  CVM M - 1  t o o l  s t e e l  r a c e s  a n d  b a l l s ,  a n d  s i l v e r -  
p l a t e d  h a r d e n e d  (Rc  5 5 )  M - 1  s t e e l  c a g e s  s h o w n  i n  E n c l o s u r e  16  
o f  ( l ) * .  T h e i r  i n n e r - r a c e  g r o o v e s  were s p e c i a l l y  h o n e d  t o  a 
s u r f a c e  f i n i s h  a c r o s s  t h e  g r o o v e  o f  3-5  m i c r o i n c h e s ,  rms ,  a n d  
t h e i r  g r o u n d  a n d  p o l i s h e d  o u t e r - r i n g  g r o o v e s  m e a s u r e d  6-8 m i c r o -  
i n c h e s ,  rms. T h e  u n m o u n t e d  r a d i a l  l o o s e n e s s  o f  t h e  b e a r i n g s  
r a n g e d  f r o m  35-53  m i c r o n s  a n d  t h e  a v e r a g e  r a d i a l  c a g e  p l a y ,  f r o m  
.0050"  t o  . 0 0 9 5 " .  D i m e n s i o n s  o f  e a c h  i n d i v i d u a l  b e a r i n g  b e f o r e  
t e s t  a r e  g i v e n  i n  E n c l o s u r e  1 .  I n  a l l  t e s t s ,  b o t h  r i n g s  o f  t h e  
b e a r i n g s  h a d  b e e n  b l a c k - o x i d e  c o a t e d  i n  o r d e r  t o  r e d u c e  t h e  
c h a n c e  o f  s u r f a c e  d i s t r e s s  f r o m  o c c u r r i n g  d u r i n g  s t a r t - u p .  

T h e  t e m p e r a t u r e - v i s c o s i t y  c h a r a c t e r i s t i c s  o f  t h e  l u b r i -  
c a n t s  u s e d  a r e  shown  i n  E n c l o s u r e  2 .  I n  t h e s e  t e s t s ,  a t  4 2 , 8 0 0  
r p m ,  c i r c u l a t i n g  o i l  f l o w  t o  t h e  b e a r i n g s  w a s  m a i n t a i n e d  i n  t h e  
o r d e r  o f  600 c c / m i n .  t o  e a c h  b e a r i n g .  O i l  sump c a p a c i t y  i s  
1000 c c  p e r  b e a r i n g .  N e w  o i l  w a s  a d d e d  p e r i o d i c a l l y  t h r o u g h o u t  
e a c h  t e s t  t o  r e p l a c e  f l u i d  l o s t  by d e c o m p o s i t i o n  a n d  e v a p o r a t i o n  
o u t  t h e  l a b y r i n t h  s e a l s  i n  t h e  t e s t  m a c h i n e s .  A s m a l l  f l o w  r a t e  
o f  N2 g a s  w a s  s u p p l i e d  b o t h  t o  t h e  sump a n d  t o  t h e  t e s t  b e a r i n g  
c a v i t y  a s  a n  i n e r t  b l a n k e t  t o  r e d u c e  o i l  d e c o m p o s i t i o n ,  e x c e p t  
i n  s p e c i a l  t e s t s  w h e n  a i r  w a s  u s e d  a s  t h e  b l a n k e t i n g  g a s .  

I n  o r d e r  t o  i n c r e a s e  t h e  d i s s i p a t i o n  o f  t h e  h e a t  g e n e r a t e d  
i n  t h e  b e a r i n g  h o u s i n g  b l o c k  a n d  p r o v i d e  s a t i s f a c t o r y  c o n t r o l  
o f  t h e  b e a r i n g  o p e r a t i n g  t e m p e r a t u r e  u s i n g  1 5 - 2 0 %  o f  t h e  h e a t e r  
c a p a c i t y ,  two  c o o l i n g  f a n s ,  o n e  o n  e a c h  s i d e  o f  t h e  m a c h i n e ,  were  
e m p l o y e d .  No o i l  c o o l i n g  w a s  u s e d .  

1 .  P h a s e  I T e s t i n g  

A summary  o f  t h e  t e s t  r e s u l t s  o b t a i n e d  d u r i n g  t h i s  
r e p o r t  p e r i o d  i s  g i v e n  i n  E n c l o s u r e  3 .  

A m o d i f i e d  p o l y p h e n y l  e t h e r  t y p e  f l u i d ,  M o n s a n t o ' s  
MCS 2 9 3 ,  w a s  u s e d  t o  l u b r i c a t e  t h e  b e a r i n g s  i n  T e s t  Run g 5 6 ,  

* N u m b e r s  i n  p a r e n t h e s e s  r e f e r  t o  R e f e r e n c e s  a t  t h e  e n d  o f  t h i s  
r e p o r t .  
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w h i c h  w a s  c o n d u c t e d  a t  mean t e m p e r a t u r e s  u p  t o  516OF ( o i l  v i s c o s i t y  = 
0 . 7 3  c s ) ,  4 2 , 8 0 0  r p m ,  a n d  u n d e r  3 6 5  l b s .  t h r u s t  l o a d  (AFBMA com- 
p u t e d  L 1 o  l i f e  = 4 8 0  m i l l .  r e v s . ) .  D u r i n g  t h e  i n i t i a l  11 h o u r s  
o f  t h e  t e s t ,  t h e  b e a r i n g s  w e r e  r u n  a t  mean  t e m p e r a t u r e s  u p  t o  
5 0 0 0 F  ( o i l  v i s c o s i t y  = 0 . 7 6  c s ) ,  a n d  t h e r e a f t e r  t h e i r  t e m p e r a t u r e s  
were i n c r e a s e d  u p  t o  5 5 0 ° F  ( e x t r a p o l a t e d  o i l  v i s c o s i t y  = 0 . 6 6  c s )  
t o  c h e c k  p e r f o r m a n c e  a t  t h e  h i g h e r  t e m p e r a t u r e  s i n c e  s a t i s -  
f a c t o r y  e s t e r - t y p e  l u b r i c a n t s  a r e  a v a i l a b l e  f o r  5 0 0 ° F  o p e r a t i o n .  
E x a m i n a t i o n  o f  t h e  b e a r i n g s  a f t e r  2 2 . 8  h o u r s  ( 5 8 . 5  m i l l .  r e v s . )  
i n d i c a t e d  t h a t  t h e  l o a d - e n d  b e a r i n g  h a d  g l a z e d  a n d  f l a k e d .  I t s  
c a g e  h a d  s p l i t  i n  two ( a l l  c a g e  b a r s  were b r o k e n )  e v e n  t h o u g h  i t s  
b o r e  w e a r  w a s  l e s s  t h a n  0 . 1  m i l s  ( E n c l o s u r e  4 ) .  T h e  d r i v e - e n d  
b e a r i n g  w a s  i n  g o o d  c o n d i t i o n  a s  s h o w n  i n  E n c l o s u r e  5 .  I t s  c a g e -  
b o r e  w e a r  w a s  a l s o  l e s s  t h a n  0 . 1  m i l s ,  w h i c h  i s  n o t  c o n s i d e r e d  
s i g n i f i c a n t .  

I n  T e s t  R u n  Q57, t h e  b e a r i n g s  were l u b r i c a t e d  w i t h  
a h i g h - v i s c o s i t y  e ' s t e r - b a s e  o i l ,  S i n c l a i r  T u r b o  S ( t y p e  1 0 4 8 ,  
i m p r o v e d ) ,  a t  4 2 , 8 0 0  r p m ,  mean t e m p e r a t u r e s  u p  t o  5 5 0 ° F  ( e x -  
t r a p o l a t e d  o i l  v i s c o s i t y  = 1 . 2 6  c s )  u n d e r  365 l b s .  t h r u s t  l o a d .  
T h e  t e s t  w a s  t e r m i n a t e d  a f t e r  2 3 0 . 0  m i l l .  r e v s . ,  when t h e  l o a d -  
e n d  b e a r i n g  t e m p e r a t u r e  i n c r e a s e d  r a p i d l y .  E x a m i n a t i o n  o f  t h e  
b e a r i n g s  i n d i c a t e d  t h a t  t h e  l o a d - e n d  b e a r i n g  h a d  s m e a r e d  a n d  i t s  
c a g e  a n d  b a l l s  h a d  s h a t t e r e d  ( E n c l o s u r e  6 ) .  T h e  d r i v e - e n d  
b e a r i n g  w a s  s l i g h t l y  g l a z e d  a n d  i t s  c a g e - b o r e  w e a r  w a s  1 . 0  m i l s  
( E n c l o s u r e  7 ) .  

S i n c e  e x t r e m e l y  s h o r t  d u r a t i o n  t e s t s  were  e x p e r i e n c e d  
i n  e n d u r a n c e  t e s t s  ( P h a s e  11) c o n d u c t e d  w i t h  M o n s a n t o  S k y l u b e  600 
(PWA 5 2 4 1 ,  w h i c h  a r e  d e s c r i b e d  l a t e r  i n  t h i s  r e p o r t ,  a c h e c k - o u t  
r u n  u n d e r  i d e n t i c a l  e n d u r a n c e - t e s t  c o n d i t i o n s  w a s  c o n d u c t e d  w i t h  
Kendex B r i g h t  S t o c k  0 8 4 6  o i l ,  l u b r i c a t i n g  t h e  b e a r i n g s  i n  T e s t  
Run 858.  T h e  t e s t  c o n d i t i o n s  w e r e  s e t  a t  4 2 , 8 0 0  r p m ,  mean 
t e m p e r a t u r e s  u p  t o  5 7 1 ° F  ( e x t r a p o l a t e d  o i l  v i s c o s i t y  = 1 . 6 0  c s ) .  
B o t h  b e a r i n g s  o p e r a t e d  s a t i s f a c t o r i l y  u n t i l  t h e i r  t i m e - u p  l i f e  
o f  2 3 1 . 1  m i l l .  r e v s .  a n d , a s  s h o w n  i n  E n c l o s u r e s  8 a n d  9 ,  were 
i n  g o o d  c o n d i t i o n  w i t h  a c o r r e s p o n d i n g  c a g e  b o r e  w e a r  o f  l e s s  
t h a n  0 .1  m i l s .  

A s i x - r i n g  p o l y p h e n y l  e t h e r ,  M o n s a n t o  OS-138 (MLO-60- 
2 3 1 ) ,  w a s  u s e d  t o  l u b r i c a t e  t h e  b e a r i n g s  i n  T e s t  Run # 5 9 ,  w h i c h  
w a s  c o n d u c t e d  a t  4 2 , 8 0 0  r p m ,  mean t e m p e r a t u r e s  u p  t o  598OF ( e x -  
t r a p o l a t e d  o i l  v i s c o s i t y  = 1 . 1 6  c s )  a n d  u n d e r  365 l b s .  t h r u s t  l o a d .  

-6 - 

RESEARCH LABORATORY 5 K p  I N D U S T R I E S ,  I N C .  



, 

AL 6 5 TO 3 1 

A s  d o n e  i n  t h e  p r e v i o u s  t e s t  w i t h  t h i s  l u b r i c a n t  ( a n d  i n  p r e -  
v i o u s  t e s t s  w i t h  M o n s a n t o  OS-124 w h i c h  d o e s  n o t  h a v e  t h e  i n h i b i t o r s  
p r e s e n t  i n  S k y l u b e  6001, c o p p e r  i n h i b i t o r s  ( i n  t h e  f o r m  o f  s h e e t s  
a n d  s c r e e n i n g )  were p l a c e d  i n  e a c h  o i l  s u m p .  S i n c e  s t a t i c  com- 
p a t i b i l i t y  t e s t s  h a v e  shown  t h a t  t h e  s t a n d a r d  a s b e s t o s - t y p e  
g a s k e t s u s e d  a t  t h e  v a r i o u s  f i t t i n g s  a n d  m a t e d  s u r f a c e s  i n  t h e  
m a c h i n e ,  s u c h  a s  b e t w e e n  t h e  o i l  sump a n d  h o u s i n g  b l o c k ,  l o s e  
s t r e n g t h  by l e a c h i n g  a n d  p o s s i b l y  c o n t a m i n a t e  t h e  h i g h - t e m p e r a t u r e  
p o l y p h e n y l  e t h e r ,  s p e c i a l  a t t e m p t s  w e r e  made  t o  f i n d  b e t t e r  g a s k e t  
m a t e r i a l  i n  o r d e r  t o  m a i n t a i n  a v e r y  c l e a n  s y s t e m  f o r  t h i s  t e s t  
( e v e n  t h o u g h  t h e s e  g a s k e t s  a r e  e x p o s e d  t o  t h e  o i l  o n l y  a t  t h e i r  
e d g e s  a n d  t h e r e  h a s  b e e n  no  e v i d e n c e  o f  e x c e s s i v e  d e c o m p o s i t i o n  
o f  t h e  a s b e s t o s  g a s k e t s  i n  p o l y p h e n y l  e t h e r  l u b r i c a t e d  r i g  t e s t s ) .  
A g a s k e t  m a t e r i a l  w h i c h  i s  known t o  b e  c o m p a t i b l e  w i t h  p o l y p h e n y l  
e t h e r ,  Du P o n t  p o l y i m i d e  t y p e  SP-1 p l a s t i c ,  was p r o c u r e d  a n d  u s e d  
f o r  t h e  f i r s t  t i m e  i n  t h i s  t e s t .  I n  a d d i t i o n ,  t h e  m a c h i n e  w a s  
m a d e  e x c e p t i o n a l l y  c l e a n  p r i o r  t o  s t a r t - u p .  E x c e s s i v e  wear  o n  
t h e  i n n e r - r a c e  l a n d s  o f  t h e  l o a d - e n d  b e a r i n g  r e s u l t e d  i n  t e r m i n a t i o n  
o f  t h e  t e s t  a f t e r  50.3 m i l l .  r e v s .  E x a m i n a t i o n  o f  t h e  b e a r i n g s  
i n d i c a t e d  t h a t  t h e  l o a d - e n d  b e a r i n g  w a s  g l a z e d  a n d  f r a g m e n t  d e n t e d ;  
w h e r e a s ,  t h e  d r i v e - e n d  b e a r i n g  r i n g s  were o n l y  s l i g h t l y  g l a z e d .  
T h e  c a g e  b o r e  w e a r  w a s  1 .0  a n d  9 . 2  m i l s  f o r  t h e  d r i v e - e n d  a n d  l o a d -  
e n d  b e a r i n g s ,  r e s p e c t i v e l y  ( E n c l o s u r e s  10 a n d  1 1 ) .  

D i s c u s s i o n  o f  P h a s e  I T e s t  R e s u l t s  

B a s e d  o n  t h e  r e s u l t s  o b t a i n e d  w i t h  M o n s a n t o ' s  m o d i -  
f i e d  p o l y p h e n y l  e t h e r ,  MCS 2 9 3 ,  i n  T e s t  R u n  # 5 6 ,  i t  a p p e a r s  t h a t  
t h i s  l u b r i c a n t  i s  c a p a b l e  o f  s a t i s f a c t o r i l y  l u b r i c a t i n g  t h e  
b e a r i n g s  a t  l e a s t  f o r  11 h o u r s  a t  t e m p e r a t u r e s  u p  t o  500°F, 
w h i c h  i s  s u r p r i s i n g  s i n c e  i t s  v i s c o s i t y  a t  t h i s  t e m p e r a t u r e  i s  
o n l y  0 . 7 6  c s .  P r e v i o u s  t e s t  r e s u l t s  w i t h  OS-124 a n d  PWA 5 2 4  
p o l y p h e n y l  e t h e r s  i n d i c a t e d  t h a t  e x c e s s i v e  g l a z i n g ,  l e a d i n g  t o  
p r e m a t u r e  f l a k i n g  f a i l u r e s ,  o c c u r r e d  a t  t e m p e r a t u r e s  c o r r e s p o n d i n g  
t o  v i s c o s i t i e s  b e l o w  a b o u t  1 . 2  c s .  T h e  p e r f o r m a n c e  o f  MCS 2 9 3  
a t  t e m p e r a t u r e s  u p  t o  5500F ( 0 . 6 6  c s )  d i d  seem t o  d e t e r i o r a t e ,  a s  
e v i d e n c e d  b y  t h e  c o n d i t i o n  o f  o n e  o f  t h e  two t e s t  b e a r i n g s  a t  
t h e  t e r m i n a t i o n  o f  t h i s  t e s t .  

T h e  C V M  M - 1  s t e e l  b e a r i n g - T u r b o  S o i l  c o m b i n a t i o n  
p e r f o r m e d  q u i t e  s a t i s f a c t o r i l y  i n  T e s t  Run # 5 7 ,  s i n c e  t h e  b e a r i n g s  
o p e r a t e d  f o r  2 3 0  m i l l .  r e v s .  a t  mean  t e m p e r a t u r e s  u p  t o  550°F 
b e f o r e  f a i l u r e  o c c u r r e d .  T h e s e  r e s u l t s  i n d i c a t e  t h a t  t h e  T u r b o  S 
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o i l  g i v e s  j u s t  a s  g o o d ,  p o s s i b l y  b e t t e r ,  h i g h - t e m p e r a t u r e  p e r -  
f o r m a n c e  a s  t h e  p r e v i o u s l y  m o s t  p r o m i s i n g  e s t e r - b a s e  o i l ,  T u r b o  35 ,  
w h i c h  h a s  g i v e n  f a i r l y  c o n s i s t e n t  g l a z i n g - f r e e  p e r f o r m a n c e  i n  t h e s e  
b e a r i n g s  a t  5000F. Some i m p r o v e m e n t  i n  t h e  maximum t e m p e r a t u r e  
c a p a b i l i t y  o f  t h e  T u r b o  S o i l  o v e r  T u r b o  O i l  3 5  i s  e x p e c t e d  o n  t h e  
b a s i s  o f  i t s  s l i g h t l y  g r e a t e r  v i s c o s i t y .  

T h e  e x c e l l e n t  c o n d i t i o n  o f  t h e  b e a r i n g s  i n  T e s t  R u n  
#58 a f t e r  r u n n i n g  t o  t h e  t i m e - u p  l i f e  o f  2 3 1 . 1  m i l l .  r e v s .  a t  
mean t e m p e r a t u r e s  u p  t o  5 7 1 ° F  i n d i c a t e s  t h a t  t h e  K e n d e x  B r i g h t  
S t o c k  0 8 4 6  o i l  a l s o  s h o u l d  b e  c o n s i d e r e d  f o r  f u t u r e  e n d u r a n c e  
t e s t i n g .  T h e s e  r e s u l t s  c o n f i r m  p r e v i o u s  P h a s e  I t e s t  e x p e r i e n c e  
w i t h  t h i s  m i n e r a l  o i l ,  i n d i c a t i n g  a maximum s a f e  t e m p e r a t u r e  o f  
6 0 0 0 F  f o r  g l a z i n g - f r e e , o p e r a t i o n  i n  a n  i n e r t  e n v i r o n m e n t .  

B o t h  b e a r i n g s  i n  T e s t  R u n  8 5 9 ,  w h i c h  w a s  c o n d u c t e d  
w i t h  M o n s a n t o ' s  6 - r i n g  p o l y p h e n y l  e t h e r ,  O S - 1 3 8 ,  a t  mean 
t e m p e r a t u r e s  u p  t o  5 9 8 0 F ,  e x h i b i t e d  some  s u r f a c e  d i s t r e s s  a f t e r  
50.3 m i l l .  r e v s .  I t  i s  f e l t  t h a t  th .ese  b e a r i n g s  c o u l d  h a v e  
o p e r a t e d  l o n g e r  h a d  n o t  t h e  s i l v e r  p l a t i n g  w o r n  o f f  t h e  c a g e  
b o r e  o f  o n e  b e a r i n g  a n d  e x c e s s i v e l y  g r o o v e d  i t s  i n n e r - r a c e  l a n d  
s u r f a c e .  S i n c e  t h e r e  w a s  n o  e v i d e n c e  o f  a n y  r i g  m a l f u n c t i o n i n g  
i n  t h i s  t e s t ,  i t  i s  a s s u m e d  t h a t  t h i s  c a g e  w e a r  r e s u l t e d  f r o m  
t h e  p o o r  b o u n d a r y  l u b r i c a t i n g  c h a r a c t e r i s t i c s  o f  t h e  l u b r i c a n t .  
Among t h e  t e s t s  c o n d u c t e d  w i t h  p o l y p h e n y l  e t h e r  t y p e  l u b r i c a n t s ,  
t h i s  t e s t  w a s  s e c o n d  i n  l i f e  o n l y  t o  T e s t  R u n  # 5 6 ,  w h i c h  w a s  
c o n d u c t e d  a t  a l o w e r  mean t e m p e r a t u r e  ( 5 1 6 O F )  w i t h  M o n s a n t o  
MCS 2 9 3 .  

L u b r i c a t i o n  o f  C a g e  B o r e  G u i d e  S u r f a c e s  - P h a s e  I T e s t i n g  

T h e  s i l v e r - p l a t e d  h a r d e n e d  (Rc 5 5 )  M - 1  s t e e l  c a g e s  
s h o w n  i n  E n c l o s u r e  16 o f  (1 )  h a v e  w o r n  n e g l i g i b l y  i n  r e c e n t  
t e s t s .  O f  t h e  e i g h t  c a g e s  r u n  i n  P h a s e  I b e a r i n g s  d u r i n g  t h i s  
r e p o r t  p e r i o d ,  f o u r  w o r e  l e s s  t h a n  0 . 1  m i l s ,  two  h a d  s l i g h t  w e a r  
o f  0 . 8  t o  1 . 0  m i l s ,  a n d  o n e  o f  t h e  r e m a i n i n g  two  s h a t t e r e d  w h i l e  
t h e  o t h e r  w o r e  9 . 2  m i l s .  T h e  c a g e  i n  B e a r i n g  N o .  2 8 4 ,  R u n  #57 
s h a t t e r e d .  T h i s  i s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  b e a r i n g  
s m e a r e d .  E x c e s s i v e  w e a r  d e v e l o p e d  i n  t h e  b o r e  o f  t h e  c a g e  f o r  
B e a r i n g  N o .  3 2 5 ,  Run S 5 9 ,  f o r  u n k n o w n  r e a s o n s .  
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2 .  P h a s e  I1 E n d u r a n c e  T e s t i n g  

T h e  f o l l o w i n g  g r o u p s  o f  7 2 0 5 - s i z e  b e a r i n g s  were 
e n d u r a n c e  t e s t e d  u n d e r  t h r u s t  l o a d  a t  4 2 , 8 0 0  rpm u n t i l  f a i l u r e  
o r  u n t i l  a t i m e - u p  l i f e  o f  90 h o u r s  ( 2 3 1 . 1  m i l l .  r e v s . ) ,  w h i c h -  
e v e r  o c c u r r e d  f i r s t .  

C V M  M - 1  B e a r i n g s  a t  500°F W i t h  T u r b o  O i l  35 
U n d e r  365 l b s .  L o a d  

T e s t i n g  o f  t h e  r e m a i n i n g  16  b e a r i n g s  o f  t h e  f i r s t  
g r o u p  o f  t h i r t y - t w o  C V M  M - 1  s t e e l  b e a r i n g s  on  w h i c h  e n d u r a n c e  
t e s t i n g  w a s  s t a r t e d  p r e v i o u s l y  (1 )  w i t h  E s s o  T u r b o  O i l  3 5  a t  500°F 
4 2 , 8 0 0  rpm a n d  365 l b s .  t h r u s t  l o a d  ( C / P  = 7 . 8 )  w a s  c o m p l e t e d  
d u r i n g  t h i s  r e p o r t  p e r i o d ,  a n d  a summary  o f  t h e  o v e r a l l  r e s u l t s  
o f  t h i s  g r o u p  a r e  g i v e n  i n  E n c l o s u r e  1 2 .  A l l  b e a r i n g s  t e s t e d  i n  
t h i s  r e p o r t  p e r i o d  were  f i t t e d  w i t h  h a r d e n e d  M - 1  c a g e s  h a v i n g  
s i l v e r  p l a t i n g  o n  t h e  c a g e  b o r e  g u i d e  s u r f a c e s  ( s o m e  p r e v i o u s l y  
t e s t e d  b e a r i n g s  i n  t h i s  g r o u p  had  S -Mone l  c a g e s ) .  

I t  i s  r e c a l l e d  (1 )  t h a t  o n e  o f  t h e  e a r l i e r  t e s t s ,  
R u n  # E - 4 ,  w a s  c o n s i d e r e d  a n  a b o r t e d  t e s t  d u e  t o  e x c e s s i v e  o i l  
l e a k a g e  a n d ,  t h e r e f o r e ,  h a s  n o t  b e e n  i n c l u d e d  i n  t h e  g r o u p  f o r  
w h i c h  maximum l i k e l i h o o d  l i f e  e s t i m a t e s  were  o b t a i n e d .  O f  t h e  30 
b e a r i n g s  (15  t e s t s )  c o n s i d e r e d  f o r  t h e s e  e s t i m a t e s ,  f o u r t e e n  b e a r i n g s  
( 7  t e s t s )  r e a c h e d  t h e i r  t i m e - u p  l i f e  o f  90 h o u r s  ( 2 3 1 . 1  m i l l .  r e v s . )  
w i t h o u t  f a i l u r e  o r  s u r f a c e  d i s t r e s s .  T e s t i n g  o f  s i x t e e n  m o r e  
b e a r i n g s  ( 8  t e s t s )  w a s  t e r m i n a t e d  w i t h o u t  t r u e  f a t i g u e  f a i l u r e s  
a t  l i v e s  r a n g i n g  f r o m  4 8 . 8  t o  2 0 9 . 4  m i l l .  r e v s .  I n  f i v e  o f  t h e s e  
l a t t e r  e i g h t  t e s t s ,  v i z  # E - 1 6 ,  E -7 ,  E-6 ,  E - 1 0  a n d  E - 8 ,  o n e  o f  
t h e  two  t e s t  b e a r i n g s  i n  e a c h  t e s t  s m e a r e d  o r  s u f f e r e d  l u b r i c a t i o n -  
r e l a t e d  s u r f a c e  d a m a g e  b a d l y  e n o u g h  s o  t h a t  t h e  t e s t s  c o u l d  n o t  
c o n t i n u e  a t  l i v e s  r a n g i n g  f r o m  4 8 . 8  t o  168 .5  m i l l .  r e v s .  I n  t w o  
o t h e r  t e s t s ,  # E - 3  a n d  E - 1 3 ,  t h e  c a g e s  a n d  i n n e r - r i n g  l a n d s  w o r e  
e x c e s s i v e l y  o n  o n e  o f  t h e  two  b e a r i n g s  i n  e a c h  t e s t  a t  l i v e s  f r o m  
1 3 4 . 0  t o  2 0 9 . 4  m i l l .  r e v s .  S u r f a c e  d i s t r e s s  i n  t h e  b a l l  p a t h  o f  
o n e  b e a r i n g  i n  t h e  o n e  r e m a i n i n g  t e s t ,  # E - 9 ,  w a s  a t t r i b u t e d  t o  t h e  
c a g e  s h a t t e r i n g  a f t e r  169 .0  m i l l .  r e v s . ,  p r o b a b l y  f r o m  l u b r i c a n t  
s t a r v a t i o n  c a u s e d  by  a v i b r a t i o n - i n d u c e d  l o o s e  o i l  t u b e  when a 
g e a r  b o x - b e a r i n g  f a i l u r e  o c c u r r e d .  T h e  c o m p a n i o n  b e a r i n g  i n  e a c h  
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o f  t h e s e  t e s t s  w a s  i n  g o o d  c o n d i t i o n  a n d ,  a c c o r d i n g  t o  t h e  R u l e s  
f o r  i n t e r p r e t a t i o n  o f  s m e a r i n g  a n d  f l a k i n g  f a i l u r e s  g i v e n  i n  t h e  
A p p e n d i x ,  w a s  c o n s i d e r e d  t o  b e  s u s p e n d e d .  C a g e  w e a r  o c c u r r e d  o n l y  
w i t h  S -Mone l  c a g e s  u s e d  i n  t h e  e a r l i e r  t e s t s  a n d  i n  n o  c a s e  d i d  
e x c e s s i v e  w e a r  o c c u r  o n  s i l v e r - p l a t e d  M - 1  c a g e s .  H a r d  c o k e  d e p o s i t s  
were n o t e d  i n  a l l  t e s t  b e a r i n g s ,  e s p e c i a l l y  i n  R u n s  # E - 8 ,  E - 1 0  
a n d  E-16 w h i c h  were t h e  o n l y  t e s t s  c o o l e d  down a n d  r e s t a r t e d  o v e r  

c 

t 

I n a s m u c h  a s  s u r f a c e  d i s t r e s s  a n d  c a g e  w e a r  i n  
t h e s e  b e a r i n g s  h a s  o c c u r r e d  w i t h o u t  l e g i t i m a t e  f a t i g u e  f a i l u r e s ,  
i t  i s  c o n c l u d e d  t h a t  t h e  4 2 , 8 0 0  r p m  a n d  5 0 0 ° F  t e s t  c o n d i t i o n  i s  
o n  t h e  e d g e  o f  t h e  s a f e  o p e r a t i n g  z o n e  f o r  t h i s  b e a r i n g - l u b r i c a n t  
m a t e r i a l  c o m b i n a t i o n  a n d  t h a t  t h e  t i m e - u p  l i f e  o f  2 3 1 . 1  m i l l .  r e v s .  
i s  b e l o w  t h e  i n h e r e n t  e n d u r a n c e  l i f e  c a p a b i l i t y  o f  t h e  b e a r i n g -  
l u b r i c a n t  c o m b i n a t i o n  u n d e r  t h e s e  c o n d i t i o n s .  T h e r e f o r e ,  a s e c o n d  
g r o u p  o f  30 b e a r i n g s  (15  t e s t s )  was  t e s t e d  w i t h  t h e  same  o i l  a n d  
u n d e r  t h e  s a m e  o p e r a t i n g  c o n d i t i o n s  a s  i n  t h e  f i r s t  g r o u p  e x c e p t  
u n d e r  a t h r u s t  l o a d  o f  4 5 9  l b s .  f o r  a c o m p u t e d  L 1 0  = 2 4 0  m i l l .  
r e v s .  ( C / P  = 6 . 2 1 ,  i n  t h e  h o p e  t h a t  f a t i g u e  l i f e  w o u l d  b e  s h o r t e n e d  
m o r e  t h a n  l i f e  t o  l u b r i c a t i o n - r e l a t e d  f a i l u r e , a n d  i s  d e s c r i b e d  n e x t .  

CVM M-1 B e a r i n g s  a t  5 0 0 ° F  w i t h  T u r b o  O i l  35 
U n d e r  4 5 9  L b s .  Load  

A summary  o f  t h e  t e s t  r e s u l t s  o b t a i n e d  w i t h  
t h i s  g r o u p  i s  g i v e n  i n  E n c l o s u r e  13.  I n  t h r e e  t e s t s ,  ( R u n s  # E - 2 0 ,  
E-35, a n d  E-21)  f i v e  b e a r i n g s  r e a c h e d  t h e i r  t i m e - u p  l i f e  o f  

i 
I 

I 2 3 1 . 1  m i l l .  r e v s .  w i t h o u t  f a i l u r e ,  w h i l e  t h e  s i x t h  b e a r i n g  I 

I ( f r o m  Run # E - 2 1 )  w a s  f o u n d  a t  t h e  t i m e - u p  p o i n t  t o  h a v e  s u f f e r e d  
a t r u e  f l a k i n g  f a t i g u e  f a i l u r e .  F o u r  o t h e r  b e a r i n g s  ( 2  t e s t s ,  
R u n s  SE-20 a n d  E-35) were t e r m i n a t e d  a t  l i v e s  o f  2 6 . 8  a n d  2 3 0 . 8  

I m i l l .  r e v s . ,  r e s p e c t i v e l y ,  when o n e  o f  t h e  two  b e a r i n g s  i n  e a c h  
t e s t  f l a k e d .  T h e  r e m a i n i n g  t w e n t y  b e a r i n g s  (10 t e s t s )  were 

1 
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t e r m i n a t e d  a t  l i v e s  r a n g i n g  f r o m  31 .6  t o  2 1 6 . 0  m i l l .  r e v s . ,  when  
o n e  o r  b o t h  b e a r i n g s  i n  e a c h  t e s t  s m e a r e d  o r  s u f f e r e d  l u b r i c a t i o n -  
r e l a t e d  s u r f a c e  d a m a g e  b a d l y  e n o u g h  s o  t h a t  t h e  t e s t s  c o u l d  n o t  
c o n t i n u e .  H a r d  c o k e  d e p o s i t s  were a g a i n  o b s e r v e d  i n  a l l  t h e  
b e a r i n g s ,  e s p e c i a l l y  i n  R u n  # E - 1 8 ,  w h i c h  h a d  b e e n  c o o l e d  down o v e r  
t h e  w e e k e n d  s h u t d o w n  p e r i o d  a n d  t h e n  r e s t a r t e d .  S i n c e  o n e  o f  t h e  
b e a r i n g s  i n  t h i s  t e s t  w a s  s m e a r e d  a n d  n o  t r a c e  o f  s i l v e r  w a s  f o u n d  
i n  i t s  b a l l  p a t h ,  i t  i s  b e l i e v e d  t h a t  t h e  h a r d  c o k e  d e p o s i t s  p r o -  
m o t e d  t h i s  p r e m a t u r e  f a i l u r e .  T h e r e f o r e ,  b o t h  b e a r i n g s  i n  t h i s  
t e s t  were  t r e a t e d  a s  s u s p e n d e d  t e s t s .  

CVM M - 1  B e a r i n g s  a t  500°F w i t h  T u r b o  O i l  35 
U n d e r  580 L b s .  L o a d  ( O n e  T e s t )  

I n  o r d e r  t o  d e t e r m i n e  t h e  maximum l o a d  c a r r y i n g  
c a p a b i l i t y  o f  t h e  C V M  M - 1  b e a r i n g - E s s o  T u r b o  O i l  35 l u b r i c a n t  
c o m b i n a t i o n ,  o n e  a d d i t i o n a l  t e s t  was r u n  u n d e r  t h e  same  
c o n d i t i o n s  a s  t h e  a b o v e  f i r s t  two b e a r i n g  g r o u p s ,  e x c e p t  t h a t  
t h e  t h r u s t  l o a d  w a s  f u r t h e r  i n c r e a s e d  t o  580 l b s .  f o r  a c o m p u t e d  
L 1 o  = 1 2 0  m i l l .  r e v s .  A f t e r  1 1 5 . 3  m i l l .  r e v s . ,  o n e  b e a r i n g  
s m e a r e d  a n d  i t  w a s  n o t e d  t h a t  t h e  b a l l  t r a c k  i n  t h e  s m e a r e d  
b e a r i n g  w a s  s l i g h t l y  o v e r r i d i n g  t h e  g r o o v e  e d g e  o n  t h e  i n n e r  
r a c e ,  w h i l e  t h e  c o m p a n i o n  b e a r i n g  w a s  i n  g o o d  c o n d i t i o n .  R e s u l t s  
o f  t h e  t e s t  i n d i c a t e  t h a t  580 l b s .  i s ,  t o  a l l  a p p e a r a n c e s ,  t o o  
h i g h  a t h r u s t  l o a d  t o  a p p l y  t o  t h e s e  b e a r i n g s  f o r  p r o p e r  l o c a t i o n  
o f  t h e  b a l l  t r a c k  i n  t h e  i n n e r  r a c e w a y  g r o o v e .  A summary  o f  
t h e s e  t e s t  r e s u l t s  i s  shown  i n  E n c l o s u r e  1 4 .  

C V M  M - 1  B e a r i n g s  a t  595OF w i t h  S k y l u b e  600 
U n d e r  4 5 9  L b s .  Load  

E n d u r a n c e  t e s t i n g  o f  a g r o u p  o f  2 2  
b e a r i n g s  o f  C V M  M - 1  s t e e l  w a s  c o m p l e t e d  w i t h  t h e  f i v e - r i n g  p o l y -  
p h e n y l  e t h e r  S k y l u b e  600 ( P W A  5 2 4 )  a s  t h e  l u b r i c a n t  a t  mean  
t e m p e r a t u r e s  u p  t o  5 9 5 0 F ,  4 5 9  l b s .  t h r u s t  l o a d  a n d  4 2 , 8 0 0  r p m .  
R e s u l t s  f r o m  t h e s e  2 2  b e a r i n g s  t e s t e d  i n  t h e  s t a n d a r d  N z  a t m o -  
s p h e r e  ( s h o w n  i n  E n c l o s u r e  1 5 )  i n d i c a t e  t h a t  l u b r i c a t i o n - r e l a t e d  
s u r f a c e  d i s t r e s s  o c c u r s  w i t h i n  s e v e r a l  m i n u t e s  a f t e r  s t a r t u p  
a n d  c o n s e q u e n t l y  e x c e p t i o n  w a s  t a k e n  t o  R u l e  2 ( g i v e n  i n  t h e  
A p p e n d i x )  f o r  c o n d u c t i n g  e n d u r a n c e  t e s t s ,  v i z ,  u n f a i l e d  c o m p a n i o n  
b e a r i n g s  were r e - r u n  i n  s u b s e q u e n t  t e s t s ,  i n  o r d e r  t o  c o n s e r v e  
a v a i l a b l e  C V M  M-1 s t e e l  b e a r i n g s .  T w e n t y  o f  t h e s e  b e a r i n g s  
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b a c c u m u l a t e d  l i v e s  r a n g i n g  f r o m  .03 t o  5 . 4  m i l l .  r e v s .  I n  s p i t e  
o f  t h e  v e r y  s h o r t  l i f e ,  1 4  b e a r i n g s  were  s m e a r e d  o r  s u r f a c e  
d i s t r e s s e d  a n d  o n l y  6 b e a r i n g s  w e r e  i n  g o o d  c o n d i t i o n .  I n  o n e  

e v e r ,  i t  w a s  o b s e r v e d  t h e  o n e  b e a r i n g  h a d  g l a z e d  a n d  f l a k e d ,  a n d  
i t s  i n n e r  r a c e  l a n d  w a s  w o r n  a l m o s t  c o m p l e t e l y  a w a y .  T h e  c o m p a n i o n  
b e a r i n g  w a s  i n  g o o d  c o n d i t i o n .  

I i n s t a n c e ,  two b e a r i n g s  ( R u n  #E-23)  r e a c h e d  9 8 . 6  m i l l .  r e v s .  How- 

CVM M - 1  B e a r i n g s  a t  4 8 1 ° F  w i t h  S k y l u b e  600 
- U n d e r  365 L b s .  L o a d  

B e c a u s e  o f  t h e  s h o r t  l i v e s  e x p e r i e n c e d  u n d e r  
4 5 9  l b s .  l o a d  w i t h  S k y l u b e  600 ( P W A  5 2 4 1 ,  t h r e e  t e s t  r u n s  were 
c o n d u c t e d  w i t h  t h e  s a m e  o i l  a n d  a t  t h e  s a m e  s p e e d  b u t  u n d e r  365 l b s .  
t h r u s t  l o a d  i n  a N2 a t m o s p h e r e .  O f  t h e  b e a r i n g s  t e s t e d ,  t h r e e  
s m e a r e d  a t  l i v e s  r a n g i n g  f r o m  .03 t o  1 .36 m i l l .  r e v s .  T h e  t h r e e  
c o m p a n i o n  b e a r i n g s  were i n  g o o d  o r  s l i g h t l y  g l a z e d  c o n d i t i o n .  
S u m m a r i z e d  r e s u l t s  o f  t h i s  g r o u p  a r e  g i v e n  i n  E n c l o s u r e  1 6 .  

R e - e x a m i n a t i o n  o f  Tes t  P r o c e d u r e  

I n  v i e w  o f  t h e  s h o r t  l i v e s  o b t a i n e d  i n  t e s t s  
c o n d u c t e d  w i t h  t h e  S k y l u b e  600 (PWA 5 2 4 )  o i l ,  a t h o r o u g h  
e x a m i n a t i o n  o f  t h e  r o t a t i n g  p a r t s ,  m a c h i n e  a l i g n m e n t ,  a n d  s t a r t -  
u p  p r o c e d u r e s  were made  i n  c o m p a r i s o n  w i t h  t h a t  u s e d  i n  t h e  l o n g  
l i f e  t e s t s  o b t a i n e d  w i t h  E s s o  T u r b o  O i l  3 5 .  No s i g n i f i c a n t  d i f -  
f e r e n c e  w a s  o b s e r v e d ,  a n d  i t  i s  c o n c l u d e d  t h a t  t h i s  p e r f o r m a n c e  
i s  u n a v o i d a b l e  u n d e r  t h e  t e s t  c o n d i t i o n s  w h e n  t e s t s  a r e  r u n  w i t h  
S k y l u b e  600. A s  a f u r t h e r  c h e c k  on  t h e  o p e r a t i o n ,  a t e s t  ( R u n  
#58) w a s  c o n d u c t e d  i n  w h i c h  t h e  b e a r i n g s  were l u b r i c a t e d  w i t h  
K e n d e x  B r i g h t  S t o c k  0 8 4 6  o i l  (known t o  h a v e  g i v e n  v e r y  s a t i s f a c t o r y  
p e r f o r m a n c e  i n  p r e v i o u s  t e s t s ) .  T h e  s a m e  s t a r t - u p  p r o c e d u r e  a n d  
r o t a t i n g  p a r t s  were u s e d  i n  t h i s  t e s t  a s  u s e d  i n  t h e  t e s t s  c o n -  
d u c t e d  w i t h  S k y l u b e  600. A s  s h o w n  i n  E n c l o s u r e  3 ,  b o t h  b e a r i n g s  
w e r e  i n  g o o d  c o n d i t i o n  a f t e r  90 h o u r s  ( 2 3 1 . 1  m i l l .  r e v s . )  a t  mean 
t e m p e r a t u r e s  u p  t o  5 7 1 0 F ,  4 2 , 8 0 0  r p m  a n d  u n d e r  4 5 9  l b s .  t h r u s t  
l o a d .  T h i s  t e s t  f u r t h e r  s u b s t a n t i a t e d  t h e  f a c t  t h a t  t h e  S k y l u b e  
600 o i l  w a s  n o t  g i v i n g  s a t i s f a c t o r y  p e r f o r m a n c e  b u t  t h a t  t h e  t e s t  
p r o c e d u r e  i s  v a l i d .  
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L C V M  M - 1  B e a r i n g s  a t  6 0 0 ° F  w i t h  S k y l u b e  600 
U n d e r  4 5 9  L b s .  L o a d  ( I n  A i r )  

S i n c e  t h e  s t a n d a r d  N2 i n e r t i n g  o f  t h e  t e s t e r  f o r  
r e d u c t i o n  o f  o x i d a t i v e  d e c o m p o s i t i o n  o f  t h e  l u b r i c a n t s  i s  n o t  r e -  
q u i r e d  w i t h  S k y l u b e  6 0 0 ,  w h i c h  h a s  i n h e r e n t  h i g h - t e m p e r a t u r e  
o x i d a t i v e  s t a b i l i t y ,  a n d  s i n c e  o x i d e  f i l m s  f o r m e d  f r o m  a n  o x i d i z i n g  
a t m o s p h e r e  may i m p r o v e  t h e  g l a z i n g  r e s i s t a n c e  o f  a S e a r i n g  o r  
b o u n d a r y  l u b r i c a t i n g  p r o p e r t i e s  o f  a n  o i l ,  f o u r  a d d i t i o n a l  t e s t s  
( 8  b e a r i n g s )  were c o n d u c t e d  w i t h  S k y l u b e  600 l u b r i c a t i n g  t h e  
b e a r i n g s ,  a t  4 2 , 8 0 0  r p m ,  4 5 9  l b s .  t h r u s t  l o a d  a n d  mean t e m p e r a t u r e s  
u p  t o  6 0 0 ° F ,  w h i l e  a i r  r e p l a c e d  t h e  N2 a t m o s p h e r e .  E n c l o s u r e  17 
g i v e s  t h e  s u m m a r i z e d  t e s t  r e s u l t s .  O n e  t e s t ,  R u n  # E - 4 7 ,  w a s  c o n -  
d u c t e d  f o r  a n  i n i t i a l  6 . 7  h o u r s  w i t h  s t a t i c  a i r  i n  t h e  s y s t e m ,  
e x c e p t  f o r  a s m a l l  f l o w  o f  N2 s e a l i n g  t h e  l o a d  p l u g  c l e a r a n c e ;  
t h e r e a f t e r ,  t h e  r e m a i n i n g  2 3 . 0  h o u r s  o f  t h i s  t e s t ,  a s  w e l l  a s  a l l  
s u b s e q u e n t  t e s t s  i n  t h i s  g r o u p ,  were c o n d u c t e d  w i t h  a i r  b l a n k e t i n g  
b o t h  t h e  o i l  s u m p s  a n d  t h e  t e s t  c h a m b e r  i n  t h e  s a m e  m a n n e r  i n  
w h i c h  N2 b l a n k e t i n g  i s  n o r m a l l y  p r o v i d e d .  O f  t h e  e i g h t  b e a r i n g s  
t e s t e d ,  two t e s t s ,  #E-47  a n d  E - 4 8 ,  i n v o l v i n g  4 b e a r i n g s ,  were 
t e r m i n a t e d  a t  l i v e s  o f  76 .3  a n d  189 .3  m i l l .  r e v s . ,  r e s p e c t i v e l y .  
T h r e e  o f  t h e s e  f o u r  b e a r i n g s  were s m e a r e d  a n d / o r  e x h i b i t e d  s u r f a c e  
d i s t r e s s ;  w h e r e a s ,  t h e  f o u r t h  b e a r i n g  w a s  i n  g o o d  c o n d i t i o n .  I n  
t h e  r e m a i n i n g  two t e s t s ,  #E-45  and  E - 4 6 ,  two o f  t h e  f o u r  b e a r i n g s  
were  s m e a r e d  a t  l i v e s  o f  . 0 8  a n d  . 05  m i l l .  r e v s . ,  r e s p e c t i v e l y ,  
w h i l e  t h e i r  c o m p a n i o n  b e a r i n g s  were i n  g o o d  c o n d i t i o n .  

CVM M - 1  B e a r i n g s  a t  598OF w i t h  X R M  1 0 9 F - 1  
U n d e r  4 5 9  L b s .  L o a d  

A g r o u p  o f  10 b e a r i n g s  ( 5  t e s t s )  h a s  b e e n  e n d u r a n c e  
t e s t e d  t o  d a t e  w i t h  S o c o n y  X R M  1 0 9 F - 1  o i l  a t  4 2 , 8 0 0  r p m ,  mean 
t e m p e r a t u r e s  u p  t o  5 9 8 0 F  a n d  u n d e r  4 5 9  l b s .  t h r u s t  l o a d .  A 
s u m m a r y  o f  t h e  r e s u l t s  i s  g i v e n  i n  E n c l o s u r e  18. O f  t h e  t e n  
b e a r i n g s  t e s t e d ,  s i x  b e a r i n g s  ( 3  t e s t s ,  #E-53 ,  E-54 a n d  E-55) 
were t e r m i n a t e d  a t  l i v e s  r a n g i n g  f r o m  2 . 2  t o  1 7 . 5  m i l l .  r e v s . ,  
when  t h r e e  b e a r i n g s  e i t h e r  g l a z e d  a n d  f l a k e d  o r  s m e a r e d ,  w h i l e  
t h e i r  c o m p a n i o n  b e a r i n g s  were i n  g o o d  o r  s u p e r f i c i a l l y  p i t t e d  
c o n d i t i o n .  Two o f  t h e  r e m a i n i n g  f o u r  b e a r i n g s  ( 2  t e s t s ,  #E-56 
a n d  E-57) were t e r m i n a t e d  a t  8 . 5  a n d  2 . 4  m i l l .  r e v s . ,  r e s p e c t i v e l y ,  
b e c a u s e  t h e y  a c t u a t e d  t h e  v i b r a t i o n  s h u t o f f .  I t  w a s  f o u n d  u p o n  
i n s p e c t i o n  t h a t  t h e y  h a d  u n d e r g o n e  l u b r i c a t i o n - r e l a t e d  s u r f a c e  
d i s t r e s s  ( b u t  were s t i l l  o p e r a b l e )  w h i l e  t h e i r  c o m p a n i o n  b e a r i n g s  
were i n  g o o d  c o n d i t i o n .  
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D i s c u s s i o n  o f  P h a s e  I1 R e s u l t s  

W e i b u l l  p l o t s  h a v e  b e e n  p r e p a r e d  f o r  e a c h  o f  t h e  
g r o u p s  e n d u r a n c e  t e s t e d ,  a s  f o l l o w s :  

a .  O n l y  l e g i t i m a t e  f a i l u r e s  were p l o t t e d  a s  
f a i l u r e s ,  a s  d e t e r m i n e d  by t h e  r u l e s  g i v e n  i n  t h e  A p p e n d i x .  A l l  
o t h e r  t e r m i n a t e d  b e a r i n g s ,  i n c l u d i n g  t h o s e  w h i c h  s m e a r e d  u p o n  
r e s t a r t  a n d  e x h i b i t e d  h a r d  c o k e  d e p o s i t s  were p l o t t e d  a s  d i s -  
c o n t i n u a n c e s ;  a b o r t e d  t e s t s  w e r e  n o t  p l o t t e d .  

b .  A l l  t y p e s  o f  f a i l u r e s ,  i n c l u d i n g  f l a k i n g ,  
l u b r i c a t i o n  d i s t r e s s  a n d  c a g e  i n d u c e d  f a i l u r e s ,  were p l o t t e d  a s  
f a i l u r e s  i n  o r d e r  t o  d e t e r m i n e  t he  o v e r a l l  r e l i a b i l i t y  o f  e a c h  
g r o u p .  W h e r e  two  b e a r i n g s  f a i l e d  i n  t h e  s a m e  t e s t ,  o n e  w a s  
t r e a t e d  a s  a d i s c o n t i n u a n c e ,  a l o n g  w i t h  t h e  u n f a i l e d  t e r m i n a t e d  
b e a r i n g s ;  a b o r t e d  t e s t s  w e r e  n o t  p l o t t e d .  

Maximum l i k e l i h o o d  l i f e  e s t i m a t e s ,  a l s o  
d e s c r i b e d  i n  t h e  A p p e n d i x ,  w e r e  o b t a i n e d  a c c o r d i n g  t o  b o t h  ( a )  
a n d  ( b )  a b o v e  f o r  e a c h  t e s t  g r o u p .  

T u r b o  O i l  35 a t  365 l b s .  L o a d  

T h e  two W e i b u l l  p l o t s  f o r  t h e  b e a r i n g s  
t e s t e d  w i t h  E s s o  T u r b o  O i l  3 5  a t  365 l b s .  t h r u s t  l o a d  a r e  g i v e n  
i n  E n c l o s u r e s  19 a n d  2 0 .  A s  s h o w n  o n  E n c l o s u r e  1 9 ,  t h e  maximum 
l i k e l i h o o d  e s t i m a t e d  L 1 o  = 4 8 0  m i l l .  r e v s .  F r o m  E n c l o s u r e  2 0 ,  
t h e  maximum l i k e l i h o o d  e s t i m a t e d  L 1 o  = 116 .9  m i l l .  r e v s . ,  w h i c h  
i s  2 4 . 4 %  o f  t h e  AFBMA c o m p u t e d  L1o l i f e .  T h e  l i f e  o f  L 1 o  = 4 8 0  
m i l l .  r e v s .  c o r r e s p o n d s  t o  a r e d u c t i o n  o f  t h e  b a s i c  d y n a m i c  
c a p a c i t y  t o  8 0 . 2 %  o f  t h a t  c o m p u t e d  u s i n g  AFBMA f o r m u l a s .  

T u r b o  O i l  3 5  a t  4 5 9  l b s .  L o a d  

T h e  W e i b u l l  p l o t s  f o r  t h e  b e a r i n g  t e s t e d  
w i t h  E s s o  T u r b o  O i l  3 5  a t  4 5 9  l b s .  t h r u s t  l o a d  a r e  g i v e n  i n  
E n c l o s u r e s  2 1  a n d  2 2 .  T h e  c o r r e s p o n d i n g  maximum l i k e l i h o o d  
e s t i m a t e d  L 1 o  = 5 8 . 5  a n d  4 7 . 7  m i l l .  r e v s . ,  r e s p e c t i v e l y ,  w h i c h  
y i e l d  2 4 . 4  a n d  19 .9% o f  t h e  AFBMA c o m p u t e d  L 1 o  = 2 4 0  m i l l .  r e v s  
I n  t h e  f o r m e r  i n s t a n c e ,  t h i s  c o r r e s p o n d s  t o  a r e d u c t i o n  i n  t h e  
b a s i c  d y n a m i c  c a p a c i t y  t o  6 2 . 5 %  o f  t h a t  c o m p u t e d  u s i n g  AFBMA 
f o r m u l  a s .  
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S k y l u b e  600 a t  459 l b s .  L o a d  

A t t e m p t s  t o  p e r f o r m  maximum l i k e l i h o o d  
l i f e  e s t i m a t e s  f o r  d a t a  o b t a i n e d  a t  459 l b s .  t h r u s t  l o a d ,  w i t h  
t h e  b e a r i n g s  l u b r i c a t e d  w i t h  M o n s a n t o ' s  S k y l u b e  600 ( P W A  5 2 4 )  
b o t h  i n  N2 a n d  i n  a n  a i r  a t m o s p h e r e ,  were  u n s u c c e s s f u l  d u e  t o  
t h e  w i d e  v a r i a t i o n  i n  b e a r i n g  l i f e  w i t h i n  t h e s e  g r o u p s .  H o w e v e r ,  
a s  o b s e r v e d  f r o m  t h e  W e i b u l l  p l o t s  i n  E n c l o s u r e s  2 3 ,  24 a n d  2 5 ,  
a p p r o x i m a t e l y  91% o f  t h e  b e a r i n g s  t e s t e d  i n  a N2 a t m o s p h e r e  
f a i l e d  a t  e x t r e m e l y  s h o r t  l i v e s ;  w h e r e a s ,  o n l y  50% o f  t h e  b e a r i n g s  
t e s t e d  i n  a i r  f a i l e d  a t  s i m i l a r  s h o r t  l i v e s .  

S k y l u b e  600 a t  365 l b s .  L o a d  

A W e i b u l l  p l o t  o f  t h e  r e s u l t s  o b t a i n e d  
w i t h  t h e  b e a r i n g s  l u b r i c a t e d  w i t h  M o n s a n t o ' s  S k y l u b e  600 (PWA 5 2 4 )  
a t  365 l b s .  t h r u s t  l o a d  i n  a N2 a t m o s p h e r e  i s  g i v e n  i n  E n c l o s u r e  2 6 .  
S i n c e  t h e  s a m e  n u m b e r  o f  f a i l u r e s  were  o b t a i n e d  w h e t h e r  c o n -  
s i d e r e d  a s  i n  ( a )  o r  i n  ( b ) ,  d e s c r i b e d  p r e v i o u s l y ,  o n l y  o n e  
W e i b u l l  p l o t  i s  a p p l i c a b l e  h e r e .  T h e  maximum l i k e l i h o o d  e s t i m a t e d  
L 1 o  = 0.031 m i l l .  r e v s . ,  w h i c h  i s  o n l y  0 .013% o f  t h e  AFBMA c o m p u t e d  
L 1 0  = 240 m i l l .  r e v s . ,  i n d i c a t i n g  t h a t  t h i s  b e a r i n g - l u b r i c a n t  
c o m b i n a t i o n  h a d  v e r y  s h o r t  l i f e  i n d e e d .  

S a m p l e s  o f  t h e  f o r m u l a t e d  o i l ,  S k y l u b e  600 
(PWA 5 2 4 1 ,  t a k e n  f r o m  T e s t  R u n s  # E - 2 3 ,  E-32 a n d  E - 3 3 ,  t o g e t h e r  
w i t h  a s a m p l e  o f  u s e d  OS-124 o i l  f r o m  p r e v i o u s  P h a s e  I t e s t s ,  
were g i v e n  t o  t h e  M o n s a n t o  Company f o r  a n a l y s i s .  T h e i r  c o m m e n t s  
were :  

" T h e  a n a l y t i c a l  r e p o r t  s h o w s  t h a t  t h e  
m a j o r  c o n s t i t u e n t  o f  t h e  d e p o s i t s  i s  
i r o n  w i t h  m o l y b d e n u m  a s  a m i n o r  c o n s t i t u e n t  
a n d  t r a c e  q u a n t i t i e s  o f  c o p p e r ,  n i c k e l  
a n d  c h r o m i u m .  B e f o r e  t h e  d e p o s i t s  were 
a s h e d  a n d  e x a m i n e d ?  t h e y  were  e x t r a c t e d  
t o  r e m o v e  t h e  b a s e  f l u i d  a n d  a n y  s o l u b l e  
m a t e r i a l s .  S i n c e  t h e  a n a l y s i s  w a s  n o t  r u n  
q u a n t i t a t i v e l y ,  we d o  n o t  know t h e  r e l a t i v e  
p r o p o r t i o n  o f  c a r b o n a c e o u s  m a t e r i a l  t o  
m e t a l l i c  m a t e r i a l s .  H o w e v e r ,  t h e  g e n e r a l  
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c o n s e n s u s  o f  o p i n i o n  i n d i c a t e s  t h a t  t h e  
m e t a l l i c  p r e s e n t  i s  i n  a b o u t  e q u a l  
p r o p o r t i o n s  t o  c a r b o n a c e o u s  m a t e r i a l  . . . .  
"The  c o n c l u s i o n s  t o  b e  d r a w n  f r o m  t h i s  
a n a l y s i s  i n d i c a t e  t h e  d e p o s i t  t o  b e  
l a r g e l y  w e a r  d e b r i s .  I t  w o u l d  a p p e a r  
t h a t  a s  t h e  d e b r i s  i s  b e i n g  f o r m e d ,  a 
s u f f i c i e n t  a m o u n t  o f  f l u i d  i s  b e i n g  d e -  
g r a d e d  a t  t h e  p a r t i c u l a r  s i t e  t o  b e c o m e  
a t t a c h e d  t o  t h e  wear p a r t i c l e ,  r e s u l t i n g  
i n  w h a t  i s  e s s e n t i a l l y  a d e t e r g e n t  t y p e  
a c t i o n .  T h e  d e g r a d a t i o n  p r o d u c t  o f  t h e  
f l u i d  a t t a c h e d  t o  the  w e a r  p a r t i c l e  a l -  
l o w s  s u f f i c i e n t  a t t r a c t i o n  f o r  t h e  b a s e  
f l u i d  t h a t  i t  r e m a i n s  s u s p e n d e d . "  

X R M  1 0 9 F - 1  a t  4 5 9  L b s .  L o a d  

T h e  W e i b u l l  p l o t s  o f  t h e  b e a r i n g s  l u b r i c a t e d  
w i t h  S o c o n y  M o b i l  X R M  1 0 9 F - 1  a t  459 l b s .  t h r u s t  l o a d  a r e  g i v e n  i n  
E n c l o s u r e  2 7 ,  c o n s i d e r i n g  o n l y  s m e a r i n g  a n d  f l a k i n g  f a i l u r e s ,  a n d  
i n  E n c l o s u r e  2 8 ,  c o n s i d e r i n g  a l l  f a i l u r e s .  Maximum l i k e l i h o o d  e s t i -  
m a t e d  L 1 o  = 3.17  a n d  2.03 m i l l .  r e v s . ,  r e s p e c t i v e l y ,  c o r r e s p o n d i n g ,  
f o r  t h e  f i r s t ,  t o  1 .3% o f  t h e  AFBMA c o m p u t e d  L 1 o  l i f e ,  w h i c h  i s  v e r y  
l o w .  T h e  l o w  l i f e  i s  d u e  e n t i r e l y  t o  s m e a r i n g  f a i l u r e s  a n d  t h e  
e x p l a n a t i o n  o f  t h e s e  i s  g i v e n  b e l o w .  

D i s c u s s i o n  o f  E a r l y  S m e a r i n g  F a i l u r e s  

Of t h e  t h r e e  l u b r i c a n t s  r u n  i n  P h a s e  I1 e n d u r a n c e  
t e s t s ,  t h e  T u r b o  O i l  3 5  c o n s i s t e n t l y  l u b r i c a t e d  a l a r g e  n u m b e r  
o f  b e a r i n g s  w i t h o u t  o c c u r r e n c e  o f  e a r l y  s m e a r i n g  f a i l u r e s .  A 
l a r g e  p r o p o r t i o n  o f  t h e  b e a r i n g s  r u n  w i t h  S k y l u b e  600 ,  h o w e v e r ,  
s u f f e r e d  v e r y  e a r l y  s m e a r i n g  f a i l u r e ,  a s  i f  s t a b l e  l u b r i c a t i o n  
c o n d i t i o n s  c o u l d  n o t  b e  e s t a b l i s h e d  e v e n  d u r i n g  t h e  s t a r t - u p  o f  
t h e s e  t e s t s .  B e a r i n g s  t h a t  s u r v i v e d  t h e  i n i t i a l  s t a r t - u p  p e r i o d  
h a d  q u i t e  l o n g  l i f e .  Many e a r l y  s m e a r i n g  f a i l u r e s  a l s o  o c c u r r e d  
w i t h  t h e  X R M  1 0 9 F - 1  l u b r i c a n t ,  a l t h o u g h  n o t  a s  s o o n  a f t e r  s t a r t -  
u p  a s  w i t h  S k y l u b e  600. 
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S i n c e  n e i t h e r  t h e  X R M  1 0 9 F - 1  n o r  S k y l u b e  600 
c o n t a i n  a n t i - w e a r  a d d i t i v e s ,  w h e r e a s  t h e  T u r b o  O i l  35 i s  a com- 
p o u n d e d  l u b r i c a n t ,  i t  seems t h a t  t h e  p r e s e n t  h i g h - s p e e d  o p e r a t i n g  
c o n d i t i o n s  may b e  a t  j u s t  some c r i t i c a l  p o i n t  w h e r e  t h e  p r e s e n c e  
o f  t h e  p r o p e r  a d d i t i v e s  i s  r e q u i r e d  t o  e s t a b l i s h  s t a b l e  r u n - i n  
c o n d i t i o n s  o n  t h e  b e a r i n g  s u r f a c e s  f o r  r e l i a b l e  l o n g - t e r m  s m e a r i n g -  
f r e e  o p e r a t i o n .  T h e  p o s s i b i l i t y  o f  o b t a i n i n g  s u i t a b l e  a d d i t i v e s  
f o r  b o t h  o f  t h e s e  b a s e - s t o c k s  w i l l  b e  e x p l o r e d .  

I t  i s  c o n j e c t u r e d  t h a t  s u r f a c e  d a m a g e  ( s m e a r i n g )  
o n  t h e  b a l l s  a n d  r a c e w a y s  may o c c u r  f r o m  b a l l  s k i d d i n g  p o s s i b l y  
d u r i n g  a c c e l e r a t i o n s  o f  t h e  b a l l s  i n  t h e  t r a c k s  a t  s t a r t - u p .  
G y r o s c o p i c  s l i p  may a l s o  o c c u r ,  e v e n  u n d e r  c o n s t a n t  s p e e d  r u n n i n g ,  
i f  t h e  t a n g e n t i a l  t r a c t i v e  f o r c e s  a t  t h e  b a l l - r a c e  c o n t a c t s  a r e  
n o t  g r e a t  e n o u g h  t o  o v e r c o m e  t h e  s l i p  f o r c e s  g e n e r a t e d  a s  t h e  
b a l l  s p i n  a x e s  a r e  f o r c e d  t o  c h a n g e  d i r e c t i o n ,  w h i l e  t h e  b a l l s  
r o l l  a r o u n d  t h e  b e a r i n g .  A c o m p u t e r  a n a l y s i s  o f  t h e  c o n t a c t  
f r i c t i o n  r e q u i r e d  t o  p r e v e n t  t h i s  g y r o s c o p i c  s l i p  u n d e r  t h e  p r e s e n t  
t e s t  c o n d i t i o n s *  i n d i c a t e s  t h a t  t h e  b e a r i n g  t h r u s t  l o a d s  u s e d  i n  
t h e s e  t e s t s  a r e  a b o u t  t h r e e  t i m e s  g r e a t e r  t h a n  n e e d e d  t o  p r e v e n t  
g y r o s c o p i c  s k i d d i n g  b a s e d  o n  t e s t  e x p e r i e n c e  w i t h  v a r i o u s  s i z e  
a n g u l a r - c o n t a c t  b a l l  b e a r i n g s  o p e r a t i n g  u n d e r  a v a r i e t y  o f  l o a d s ,  
s p e e d s ,  a n d  l u b r i c a t i o n  c o n d i t i o n s .  F o r  t h i s  r e a s o n  a n d  i n  v i e w  
o f  t h e  v e r y  e a r l y  o c c u r r e n c e  o f  m o s t  s m e a r i n g  f a i l u r e s ,  s t a r t - u p  
a c c e l e r a t i o n s  a r e  t h e  p r i m e  s u s p e c t  i n  c a u s i n g  s k i d d i n g  o f  b a l l s .  
E v e n  i f  a s m a l l  a m o u n t  o f  s m e a r i n g  h a s  o c c u r r e d  i n  s t a r t - u p ,  i t  
d e p e n d s  on  t h e  l u b r i c a t i o n  w h e t h e r  t h i s  w i l l  i n c r e a s e  t o  c a u s e  
f a i l u r e  a n d  a t  w h a t  r a t e .  T h u s ,  i t  i s  c o n c e i v a b l e  t h a t  some  
l u b r i c a n t s  w i l l  p r o d u c e  s m e a r i n g  f a i l u r e s  s o o n e r  t h a n  o t h e r s  a n d  
t h a t  g o o d  e n o u g h  l u b r i c a n t s  w i l l  p r e v e n t  t h e m  a l t o g e t h e r .  

T h e  r e c e n t  p o o r  r e s u l t s  w i t h  X R M  109F-1 a r e  
c o n t r a r y  t o  r e s u l t s  o f  p r e v i o u s  P h a s e  I t e s t s  i n  w h i c h  t h i s  o i l  
s e e m e d  t o  p r o v i d e  s a t i s f a c t o r y  l u b r i c a t i o n  o f  t o o l  s t e e l  b e a r i n g s  
a t  t e m p e r a t u r e s  u p  t o  6 0 0 0 F  w i t h o u t  e a r l y  s m e a r i n g  f a i l u r e s  a t  
b o t h  20,000 a n d  40,000 r p m .  A l l  p r e v i o u s  t e s t s  w i t h  t h i s  o i l  
were r u n  w i t h  b e a r i n g s  h a v i n g  r i n g s  w i t h  c r o s s - g r o o v e  s u r f a c e  
r o u g h n e s s  o f  6-8 m i c r o i n c h e s ,  rms; w h e r e a s ,  t h e  r e c e n t  P h a s e  I1 
t e s t  b e a r i n g s  h a v e  a n  i m p r o v e d  s u r f a c e  f i n i s h  (3-5 m i c r o i n c h e s ,  

* T h e  c o m p u t e r  a n a l y s i s  o f  t h e  7 2 0 5  t e s t  b e a r i n g s  w a s  f u r n i s h e d  
b y  c o u r t e s y  o f  P r a t t  a n d  W h i t n e y  A i r c r a f t  D i v i s i o n  o f  U n i t e d  
A i r c r a f t  C o r p o r a t i o n .  
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rms)  o n  t h e  i n n e r - r i n g  g r o o v e .  I t  i s  b e l i e v e d  t h a t  t h e  i m p r o v e d  
f i n i s h  p r o v i d e s  b e t t e r  o v e r a l l  f r e e d o m  f r o m  l u b r i c a t i o n - r e l a t e d  
s u r f a c e  d i s t r e s s  o v e r  l o n g  p e r i o d s  o f  r u n n i n g .  I t  i s  c o n c e i v a b l e ,  
o n  t h e  o t h e r  h a n d ,  a l t h o u g h  i t  h a s  n o t  b e e n  s h o w n  t o  d a t e ,  t h a t  
b a l l  s k i d d i n g  o c c u r s  m o r e  r e a d i l y  w i t h  t h e  s m o o t h e r  f i n i s h  u n d e r  
a c c e l e r a t i o n  c o n d i t i o n s .  A f e w  r e p e a t  t e s t s  w i l l  b e  r u n  w i t h  
b e a r i n g s  h a v i n g  t h e  r o u g h e r  f i n i s h  t o  s e e  i f  t h e  o c c u r r e n c e  o f  
e a r l y  s m e a r i n g  f a i l u r e s  i s  r e d u c e d .  

T y p e d  : r z 
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APPENDIX 

ANALYSIS OF E N D U R A N C E  TEST RESULTS 

R u l e s  f o r  E s t i m a t i n g  L i f e  P a r a m e t e r s  f o r  B e a r i n g s  Run U n d e r  
- E x t r e m e  L u b r i c a t i o n  C o n d i t i c n s  

F o r  t h e  p u r p o s e  o f  p r e p a r i n g  t h e  maximum l i k e l i h o o d  l i f e  
a n a l y s i s  o f  P h a s e  I1 e n d u r a n c e  t e s t  b e a r i n g s ,  a s  d e s c r i b e d  o n  t h e  
s u b s e q u e n t  p a g e s  o f  t h i s  A p p e n d i x ,  t h e  e n d u r a n c e  r e s u l t s  a r e  
p r o c e s s e d  a c c o r d i n g  t o  t h e  f o l l o w i n g  r u l e s :  

1 .  A b e a r i n g  i s  c o n s i d e r e d  f a i l e d  i f  a n y  o f  i t s  e l e m e n t s  
( e x c e p t ,  o f  c o u r s e ,  t h e  c a g e )  s u f f e r  f a t i g u e  f l a k i n g .  

2 .  B o t h  b e a r i n g s  i n  a t e s t  a s s e m b l y  i s  s t a r t e d  o n  t e s t  
a t  t h e  s a m e  t i m e .  I n  t h e  e v e n t  b o t h  b e a r i n g s  f a i l ,  o n e  i s  c o n -  
s i d e r e d  a f a i l e d  b e a r i n g  a n d  t h e  o t h e r ,  a n  i n d u c e d  f a i l u r e ,  a n d  
t h u s  i s  t r e a t e d  a s  a s u s p e n s i o n .  

3. S h o u l d  o n l y  o n e  o f  two b e a r i n g s  f a i l  i n  a t e s t ,  t h e  
u n f a i l e d  b e a r i n g  i s  c o n s i d e r e d  a s u s p e n d e d  t e s t .  I t  w i l l  n o t  b e  
r u n  f u r t h e r .  

4. I f  o n l y  t h e  c a g e  o f  a b e a r i n g  f a i l s  ( e . g .  e x c e s s i v e  
b o r e  w e a r ,  c r a c k e d  c a g e  p o c k e t s ) ,  t h e  c a g e  i s  r e p l a c e d  a n d  t h e  
t e s t  c o n t i n u e d .  

5 .  I f  c a g e  f a i l u r e  a n d  b e a r i n g  f a t i g u e  f a i l u r e  e x i s t  i n  
t h e  s a m e  b e a r i n g  s o  t h a t  i t  c a n  b e  a s s u m e d  t h a t  t h e  c a g e  f a i l u r e  
h a s  c o n t r i b u t e d  t o  t h e  p r e m a t u r e  f a i l u r e  o f  a n o t h e r  e l e m e n t ,  
t h e n  t h e  f a t i g u e  f a i l u r e  w i l l  be  c o n s i d e r e d  a n  i n d u c e d  f a i l u r e  
a n d  t r e a t e d  a s  a s u s p e n d e d  t e s t .  

6 .  S u r f a c e  d i s t r e s s  w i l l  n o t  b e  c o n s i d e r e d  a f a i l u r e  i f  
t h e  b e a r i n g  c a n  b e  r u n  f u r t h e r .  I f ,  h o w e v e r ,  s u r f a c e  d a m a g e  i s  
s o  s e v e r e  t h a t  t h e  b e a r i n g  c a n n o t  b e  r u n  f u r t h e r ,  t h i s  mode  o f  
f a i l u r e  w i l l  b e  t r e a t e d  t h e  same a s  a f a t i g u e  f a i l u r e .  

7 .  T h e  e x i s t e n c e  o f  s u r f a c e  d i s t r e s s  a l o n g  w i t h  a f a t i g u e  
f a i l u r e  i n  a b e a r i n g  w i l l  b e  n o t e d  b u t  n o t  c o n s i d e r e d  a r e a s o n  
f o r  d e s i g n a t i n g  t h e  f a i l u r e  a s  a n  i n d u c e d  o n e .  S u c h  f a i l u r e s  
w i l l  b e  c o n s i d e r e d  l e g i t i m a t e  i n  c a l c u l a t i n g  l i f e  b e c a u s e  s u r -  
f a c e  d i s t r e s s  i s  a c o n s e q u e n c e  o f  t h e  t e s t  c o n d i t i o n s  a n d  may 
b e  u n a v o i d a b l e .  
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APPENDIX ( C o n t .  1 

I t  i s  r e c o g n i z e d  t h a t  t h e  e x c l u s i o n  r u l e s  2 ,  4 a n d  5 t e n d  
t o  b i a s  r e s u l t a n t  l i f e  e s t i m a t e s  t o w a r d s  l o n g e r  l i f e .  S t i l l ,  
i t  i s  f e l t  t h a t  t h e s e  r u l e s  m u s t  b e  u s e d  i n  o r d e r  t h a t  o p e r a t i o n a l  
m a l f u n c t i o n i n g  o f  t h e  t e s t  b e  k e p t  f r o m  d e r a t i n g  t h e  i n h e r e n t  
e n d u r a n c e  c a p a b i l i t i e s  o f  t h e  b e a r i n g - l u b r i c a n t  c o m b i n a t i o n .  I n  
o r d e r  t o  e v a l u a t e  t h e  o v e r a l l  b e a r i n g - l u b r i c a n t  r e l i a b i l i t y  u n d e r  
t h e  c u r r e n t  s t a t e  o f  o p e r a t i o n a l  d e v e l o p m e n t ,  h o w e v e r ,  a s e c o n d  
l i f e  e s t i m a t e  i s  c o n d u c t e d  f o r  e a c h  t e s t  g r o u p  i n c l u d i n g  a l l  
f a i l u r e s  w h i c h  o t h e r w i s e  a r e  c o n s i d e r e d  a s  s u s p e n d e d  t e s t s  u n d e r  
e x c l u s i o n  R u l e s  4 a n d  5 .  ( F a i l u r e s  o f  t h e  c o m p a n i o n  b e a r i n g  i n  
t e s t s  w h e r e  b o t h  b e a r i n g s  f a i l  a r e  s t i l l  t r e a t e d  a s  s u s p e n d e d  
t e s t s ,  a c c o r d i n g  t o  R u l e  2 ,  e v e n  when  c o n s i d e r i n g  o v e r a l l  b e a r i n g -  
l u b r i c a n t  r e l i a b i l i t y ,  s i n c e  c o m p a n i o n  b e a r i n g  f a i l u r e s  c a n  b e  
s o  e a s i l y  i n d u c e d  by i n i t i a l  f a i l u r e  i n  a b e a r i n g  p a i r  u n d e r  
h i g h - s p e e d  h i g h - t e m p e r a t u r e  o p e r a t i n g  c o n d i t i o n s . )  
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Maximum Likelihood Estimation of Fatigue Life Parameters i 
In evaluating bearing (or bearing element) endurance tests, 

a problem arises from the fact that failures will occur or the 
testing of a bearing will be suspended for reasons other than 
the inherent fatigue failure of the bearing (or element) under 
test, s o  that the bearing lives must be estimated in a manner 
which takes appropriate account o f  these extraneous failures. 
In ( 2 1 ,  a method originated by Lieblein-Zelen ( 3 )  was used in 
its modified form involving multiple subgroup randomization.* 
A closer analysis of the Lieblein-Zelen method has recently 
shown i t  to be correct and of satisfactory efficiency for un- 
censored samples (no unfailed test elements) and for samples 
truncated at a single life value exceeding all failure lives 
(test group without extraneous failures terminated at a pre- 
selected time). The method is not, however, directly applicable 
to the situation where extraneous failures (of non-test elements) 
occur at lives not exceeding the longest fatigue life of a test 
element, and the expedient suggested in ( 4 )  to deal with dis- 
continuances is now recognized as questionable. 

McCool and Tallian ( 5 )  have recently developed a method of 
maximum likelihood estimation for the parameters of a Weibull 
distribution which is applicable to any censored sample (in- 
volving discontinued tests or extraneous failures) provided only 
that the times at which censoring occurs are independent of the 
fatigue life of the failed test elements. As described in (51, 
this new method consists o f  the following principal steps: 

c 

(a) The likelihood function pertaining to the lives of a 
censored sample of endurance tested bearings or elements, of I which /Y'(, have failed, is written as 

* The Lieblein-Zelen method as applied to bearing endurance life 
evaluation is discussed in more detail by Tallian ( 4 ) .  
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where: 

h( f )  is the probability density function of the 
life distribution o f  the element, 

Lk is the life at failure of the k- jh '  failed 
element (taken in random order), 

6(L,j  is the cumulative distribution function of 
the life distribution of element, 

' is the life a t  which testing of the j - + H  E- '' failed element was discontinued, and 

R is a term containing only quantities independent 
o f  the element life distribution. 

It is assumed that the test element has a Weibull life 
distribution (with unknown scale parameter L1o and a dispersion 
parameter e , but with zero minimum life). 

Then, from the definition of a Weibull distribution ( 4 )  

where 
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Substitution of Eqs. L 2 1 a n d  r3-7 into Eq. [ljyields the 
explicit formula for the likelihood function. 

It is shown in ( 5 )  that an estimator with many desirable 
properties, the so-called maximum likelihood estimator can be 
obtained for the parameters L1o and e by finding values of 
these parameters which maximize the likelihood 8 defined by 
Eq. [lJ. This "maximum likelihood" method of estimation i s  
applicable to the situation where competing failure mechanisms 
operate (i.e., where elements other than the failed elements are 
also subject to failure) provided only that the lives of elements 
other than the failed elements are statistically independent of 
the failed element lives. In case a test i s  arbitrarily terminated, 
i t  is necessary to require that the termination rule be independent 
of the lives of the test elements, i.e., that i t  be established 
without benefit of information regarding the outcome of the test 
itself. These requirements are usually fulfilled in bearing 
fatigue tests. 

As shown in ( 5 1 ,  the determination of the L1o and e values 
maximizing f13 is best accomplished by computing the partial 
d e r i v a t i v e s 29 / /J and J h j / P / a e  and setting 

with suitable verification that the L 1 o  and e values satisfying 
Eq. L43 give indeed a maximum of / . 

Eq. c4] is a system of two simultaneous equations in L1o 
and e . It cannot be solved analytically. A computer program 
was, therefore, written which supplies a solution by the iterative 
Newton-Raphson method. Using an IBM 1620 computer, a solution 
for a group of lives can be obtained within a few minutes. Given 
L1o and e , it is then possible to compute L5o from the formula 
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T h e  v a l u e s  o f  L 1 0 ,  L 5 0  a n d  e , w i t h  w h i c h  t h e  c o m p u t e r -  
e s t i m a t e d  W e i b u l l  l i v e s  i n  E n c l o s u r e s  1 9 ,  2 0 ,  2 1 ,  2 2 ,  2 6 ,  27 a n d  
2 8  were p l o t t e d ,  were c o m p u t e d  i n  t h e  m a n n e r  d e s c r i b e d .  

T h e  maximum l i k e l i h o o d  m e t h o d  o f  e s t i m a t i o n  d o e s  n o t  
d i r e c t l y  y i e l d  c o n f i d e n c e  l i m i t s .  T h e  o n e - s i g m a  c o n f i d e n c e  l i m i t s  
o f  L 1 o  f o r  a t e s t  g r o u p  o f  30 b e a r i n g s  were o b t a i n e d  by a M o n t e  
C a r l o  m e t h o d  d e s c r i b e d  i n  ( 5 )  w h i c h  o p e r a t e s  e s s e n t i a l l y  a s  
f o l l o w s :  S e t s  o f  r a n d o m  n u m b e r s  h a v i n g  a W e i b u l l  d i s t r i b u t i o n  
w i t h  z e r o  min imum l i f e ,  a known v a l u e  o f  L 1 0 ,  a n d  s e v e r a l  known 
v a l u e s  o f  e a r e  n u m e r i c a l l y  g e n e r a t e d .  T h e s e  s a m p l e s  o f  
W e i b u l l  d i s t r i b u t e d  n u m b e r s  a r e  s u b j e c t e d  t o  c e n s o r i n g  b y  a 
m e t h o d  s i m u l a t i n g  t h e  c e n s o r i n ' g  o c c u r r i n g  i n  t h e  l i f e  t e s t s  c o n -  
s i d e r e d .  E a c h  c e n s o r e d  s a m p l e  o f  n u m b e r s  i s  t h e n  s u b j e c t e d  t o  
t h e  maximum l i k e l i h o o d  e s t i m a t i o n  m e t h o d  d e s c r i b e d  a b o v e ,  g i v i n g  
n u m e r o u s  e s t i m a t e s  o f  t h e  p a r a m e t e r  L 1 o .  

T h e  s t a n d a r d  d e v i a t i o n  G / O  o f  t h i s  g r o u p  o f  L 1 o  
e s t i m a t e s  i s  c o m p u t e d  a n d  e x p r e s s e d  a s  a f r a c t i o n  G,a/Lo o f  
t h e  p o p u l a t i o n  v a l u e  o f  L 1 o  a n d  a s  a f u n c t i o n  o f  t h e  p o p u l a t i o n  
W e i b u l l  s l o p e  e . I n  t h i s  m a n n e r ,  t h e  g r a p h  s h o w n  i n  
E n c l o s u r e  2 9  w a s  p l o t t e d .  G i v e n  t h e  maximum l i k e l i h o o d  e s t i m a t e s  
f o r  L 1 o  a n d  W e i b u l l  s l o p e  Ci f o r  a b e a r i n g  l i f e  t e s t  g r o u p ,  i t  
i s  now p o s s i b l e  t o  r e a d  f r o m  E n c l o s u r e  2 9  t h e  v a l u e  o f  
a p p l i c a b l e  t o  t h e  e s t i m a t e d  v a l u e  o f  e . F o r  a n y  t e s t  g r o u p  
c o n t a i n i n g  30 b e a r i n g s ,  i s  r e a d  f r o m  E n c l o s u r e  2 9 ,  
m u l t i p l i e d  by  t h e  L 1 o  e s t i m a t e  f o r  t h a t  g r o u p ,  and  a d d e d  a n d  
s u b t r a c t e d  f r o m  L 1 o  t o  f o r m  u p p e r  a n d  l o w e r  o n e - s i g m a  c o n f i d e n c e  
l i m i t s .  F o r  g r o u p s  o f  s i z e  o t h e r  t h a n  30,  a c o r r e c t i o n  p r o p o r t i o n a l  
t o  t h e  s q u a r e  r o o t  o f  t h e  g r o u p  s i z e  i s  a p p l i e d  t o  a,.> . T h i s  
m e t h o d  o f  o b t a i n i n g  c o n f i d e n c e  l i m i t s  i s  a d m i t t e d l y  a p p r o x i m a t e  
s i n c e  t h e  c e n s o r i n g  c o n d i t i o n s  u s e d  i n  t h e  M o n t e  C a r l o  s t u d y  a r e  
n o t  e x a c t l y  t h e  s a m e  a s  t h o s e  e n c o u n t e r e d  i n  t h e  l i f e  t e s t s .  I t  
h a s  been  s h o w n ,  h o w e v e r  ( 5 1 ,  t h a t  t h e  e f f e c t  o f  m i n o r  d i f f e r e n c e s  
i n  t r u n c a t i o n  o n  t h e  c o n f i d e n c e  b a n d  f o r  L 1 o  i s  s m a l l  a s  l o n g  a s  
n o  d i s c o n t i n u a n c e  o c c u r s  p r i o r  t o  L 1 o .  
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6'5 S'E 
P'9 1'P 
E'9 S'E 
0'8 R'E 
8's 9's 
c.9 1.E 
b'S 1's 

E'9 E'C 

O'L S.E 
E ' L  b'C 
1 ' 1  S'C 
6'9 E'E 
1'9 5.E 
9'9 C'C 
b'S T ' P  
6.9 5 . c  
9'1 5 ' s  
6'9 9'6 
8.3 %'E 
1'9 S'C 
1 ' 1  %'E 
9'1 1 . 6  
6'9 E'C 
P'9 C ' C  
0 ' 1  1.C 
1'9 '"C 
5'9 '"c 
0'9 5 ' C  
1'9 C ' C  
8's 5.E 
9'P C ' C  
1'9 Z ' K  
f l ' S  5's; 
L ' C  P ' C  
7'9 b'E 
P.9 n.1: 
C . 5  b'C 
L'9 L ' E  
C'9 L ' C  
E'9 Z ' P  
1'9 5 . E  
P ' 9  C'C 
I I 

I b 

* .I 

b 9 
* I - ~ . *  
I * 
I I 

t I 

* I 

I 1 

I 1 

m m 
1 b 

1) I 
b b 

b * 
* b 

* b 

I b 

I m 
I I 

I * 
I I 

* b 

m I 
* * 
* b 

b I 

* * 
* * 
* * 
* * 
* 
* * 

* 
* * 
1 * 
b * 
* a 
* * 
* * 

* 
* * 
* * 
* 
1 * 
* * 
* * 
* b 

* 1 
* * 

* 
1 * 
* b 

* * 
* * 

* 
* 
* * 
* * 
* * 
1 1 

1 b 

* 
* 

* * 
* 

b9E 
89E 
E9E 
296 
19E 
09E 
bSE 
8SE 
LS E 
9SE 
SSE 

PEE 

CSE 
ZSE 
15s 
O5E 
R P E  
LPE 
9PE 
P P E  
C P C  
Z P E  
1 PE 
OPE 
bEE 

L C C  
9EC 
5CC 
P c c 
c c E 
ZCC 

LZC 
97.E 
5 Z C  
P Z C  
C 7 C  
12C 

b1C 

L I C  
9 I E 
1; 1 c 
C I C  
s: I E 
1 1 C  
0 1 C  
bOC 
ROC 
LO& 
90C 
5OC 
P O C  
EOE 
2 0s 
1 OE 
S8Z 
P f l Z  
O L Z  
692 
892 
P9Z 
E92 
191 
192 
092 
bSZ 
8 S Z  
L S Z  
s s z  
PSZ 
C S Z  
Z S Z  
1 5 1  
bPZ 
B P Z  
L P Z  
9PZ 
SPZ 
PPZ 
EPZ 
ZPZ 
bEZ 
BEZ 
LEZ 
9EZ 
SEZ 
PEZ 
EEZ 
IEZ 
OEZ 
bZZ 
8ZZ 
LIZ 
9ZZ 
c z z  
TZZ 
OZZ 
611 
812 
P1Z 
EIZ 
ZIZ 
112  
OTZ 
601 
802 
LOZ 
901 
soz 
PO1 
EOZ 
202 
I O Z  

ncc 

nzc 

n z c  

n i c  

6 
z 
I 

). 
D! 
0 
I- a 
It 
0 m 
a 
-I 
I u 
11: 

W 
a 
m 
W 
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ENCLOSURE 3 

U 

W 

E Y  
. O  0 

e m  .-  e -  .. - m  

- - e  N 

0 0 -  0. 
. . .  

v v  

0 

0 P 

0 

N LD - 
m 0 Q 0 

N 

0 
N v 

0 

0 
0. 
N N 

0 
0. 
0 0 

m 
N m 

- 0 m  0 
- 0 . 0 .  m 
" ? P Y )  m 

0. 
Y) " Y) 

Q 0 

- - 0  0 

- - 0  0 
m o m  Y) 
N N  

. . .  

d 

.- 
e -  . *  
o m  

n =  Y Y  
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A L 6 5 T 0 3 1  

ENCLOSURE 4 

U N F A I L E D  M-1 TOOL STEEL BEARING AFTER RUNNING 5 8 . 5  x 106 REVOLUTIONS 
AT 4 2 , 8 0 0  RPM, A MEAN TEMPERATURE OF 5000F A N D  UNDER 365 L B S .  THRUST 

LOAD WITH CIRCULATING MONSANTO MCS 293 O I L  IN A N:, BLANKET 

( B e a r i n g  No.  245  On L o a d  E n d  F r o m  R u n  No.  5 6 )  

T 2 8 9 - 4 6 1  
INNER RACEWAY 

1 

OUTER R A C E W A Y  T 2 8 9 - 4 5 3  

RESEARCH LABORATORY s)cP I N D U S T R I E S ,  I N C .  
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E N C L O S U R E  5 

F A I L E D  M-1 TOOL STEEL BEARING A F T E R  R U N N I N G  5 8 . 5  x 1 0 6  REVOLUTIONS 
A T  4 2 , 8 0 0  RPM, A MEAN TEMPERATURE OF 5160F A N D  U N D E R  3 6 5  LBS. THRUST 

L O A D  WITH CIRCULATING MONSANTO MCS 2 9 3  OIL IN A N2 B L A N K E T  

( B e a r i n g  N o .  2 2 3  On D r i v e  E n d  From Run No. 5 6 )  

- 
C A G E  T289-468 B A L L  T 2 8 9 - 4 7 3  

I N X h l< I< A C  E W A Y T289-460 O U T E R  R A C E W A Y  T 2 8 9 - 4 5 2  

RESEARCH LABORATORY SKP INDUSTRIES, I N C .  
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ENCLOSURE 6 

F A I L E D  M - 1  TOOL S T E E L  BE I N G  AFTER R U N N I N G  230 x 106 REVOLUTIONS AT 
4 2 , 8 0 0  RPM, A MEAN TEMPERATURE OF 5 3 1 0 F  A N D  UNDER 365 L B S .  THRUST 

LOAD WITH CIRCULATING S I N C L A I R  TURBO S O I L  I N  A N2 BLANKET 

( B e a r i n g  No. 284 On L o a d  E n d  F r o m  R u n  N o .  5 7 )  

T 2 8 9 - 4 7 1  
CAGE 

I N N E R  RACEWAY T 2 8 9 - 4 6 4  

RESEARCH LABORATORY 

OUTER RACEWAY T 2 8 9 - 4 5 6  

S8CP I N D U S T R I E S ,  I N C .  
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ENCLOSURE 7 

U N F A I L E D  M-1 TOOL STEEL BEARING AFTER R U N N I N G  2 3 0  x 1 0 6  R E V O L U T I  NS 
AT 4 2 , 8 0 0  RPM, A MEAN T E M P E R A T U R E  OF 5500F A N D  U N D E R  3 6 5  LBS. THRUST 

L O A D  WITH CIRCULATING SINCLAIR TURBO S O I L  IN A N2 BLANKET 

( B e a r i n g  No. 2 8 5  on Drive End From Run No.  5 7 )  

T289-465  INNER R A C E W A Y  

~~ 

O U T E R  R A C E W A Y  
T289-457 

RESEARCH LABORATORY SlCF I N D U S T R I E S ,  I N C .  



A L 6 5 T 0 3 1  

ENCLOSURE 8 

UNFAILED M - 1  TOOL S T E E L  BEARING AFTER R U N N I N G  2 3 1 . 1  x 106 REVOLUTIONS 
AT 4 2 , 8 0 0  RPM, A MEAN TEMPERATURE OF 4930F A N D  UNDER 459 L B S .  THRUST 

LOAD WITH CIRCULATING KENDEX BRIGHT STOCK 0846 O I L  I N  A N2 BLANKET 

( B e a r i n g  N o .  3 1 4  On L o a d  E n d  From R u n  No. 58)  

C A G E  T 2 8 9 - 4 7 0  

I N N E R  R A C E W A Y  n a g - 4 6 3  O U T E R  R A C E W A Y  T 2 8 9 - 4 5 5  

RESEARCH LABORATORY S K P  I N D U S T R I E S ,  I N C .  
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ENCLOSURE 9 

U N F A I L E D  ~ - i  TOOL STEEL B E A R I N G  A F T E R  R U N N I N G  2 3 1 . 1  x i o 6  R E V O L U T I O N S  
A T  4 2 , 8 0 0  RPM, A MEAN TEMPERATURE OF 5 7 1 ° F  A N D  U N D E R  459  L B S .  THRUST 

L O A D  WITH CIRCULATING K E N D E X  BRIGHT STOCK 0 8 4 6  OIL IN A N 9  B L A N K E T  

( B e a r i n g  No. 3 1 5  O n  D r i v e  End From Run No. 5 8 )  

C A G E  T289-469  

INNER R A C E W A Y  T289-462 

- -  

O U T E R  R A C E W A Y  T289-454  

RESEARCH LABORATORY SKP I N D U S T R I E S ,  I N C .  
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A L 6  5 T 0  3 1 

ENCLOSURE 10 

UNFAILED M - 1  TOOL S T E E L  BEARING AFTER R U N N I N G  50 .3  x l o 6  REVOLUTIONS 
AT 4 2 , 8 0 0  RPM, A MEAN TEMPERATURE OF 5 8 3 0 F  A N D  UNDER 365 L B S .  THRUST 

LOAD WITH C I R C U L A T I N G  MONSANTO OS-138 O I L  I N  A N2 BLANKET 

( B e a r i n g  No. 325 On L o a d  E n d  F r o m  R u n  No. 59 )  

CAGE 
T 2 8 9 - 4 7 4  

- .  

T 2 8 9 - 4 6 6  
INNER RACEWAY 

T 2 8 9 - 4 5 8  
OUTER R A C E W A Y  

RESEARCH LABORATORY SKP I N D U S T R I E S ,  I N C .  
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ENCLOSURE 11 

UNFAILED M - 1  TOOL S T E E L  BEARING AFTER R U N N I N G  50.3 x 106 REVOULTIONS 
AT 4 2 , 8 0 0  RPM, A MEAN TEMPERATURE OF 5980F A N D  UNDER 365 L B S .  THRUST 

LOAD WITH C I R C U L A T I N G  MONSANTO OS-138 O I L  I N  A N2 BLANKET 

( B e a r i n g  No. 326 On D r i v e  E n d  From R u n  No. 59)  

I 

CAGE 

!!& * 

B 

-~ i 
T 2 8 9 - 4 7 2  

INNER RACEWAY T 2 8 9 - 4 6 7  OUTER RACEWAY T 2 8 9  -459 

RESEARCH LASORATORY S K P  I N D U S T R I E S ,  I N C .  
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ENCLOSURE 12 

Tert  
RY. 

L 
14) 

E-4 

( 5 )  
E - I 6  

E-7 

E-6 

(51 
E-IO 

E-I3 

E-0 

16) 
E-9 

t-3 

ELI 

E L 2  

E-5 

ELI1 

E-I2 

E-I4 

E - 1 5  

EUDUELWCE O F  C V I  I - 1  STEEL 1 2 0 5  BEARINGS 1.4551601 

thrust Load = 365 Lbs.  Speed = 42.000 rpm L u b r l e l n l  = E s s o  Turho 011 35 

I . I f C  
CI.3. 

Bore Wear. l u g .  Temp. L ~ b r I ~ . t I o n  D l ~ t r c s s  
Elcmcnrr(s1 Pa r t l s I  F a l l e d  101, R c v s .  

B..11.9 
I.ter1.l ( 1 )  I l l s  O F  

43.0 473 I . R . .  I # . R . .  1;111cd Sone 7.7 zon(2) S-uosel I R c  33) 

207 S-UoneI  (Re 33) 0 . 5  490 N0.C Sone 1 . 7  

I-I (Rc 5 5 F t l .  ( 0 . 1  SO5 I . R . ,  O . R . .  B a l l s  - Smeared I . R . .  1 I . H . .  H a 1 1 1  4 8 . U  242 

239 I - I  IPC 5516t1. <0 .1  505 N*.L Nome 4 u . u  

I - I  (Rc 551Etl .  <0.1 490 I . R . ,  O . R . .  B a l l s  - S n e e r e d  I.H.. U . H . ,  1Ia111 1111.2 221 

220 n.1 ( R r  55511.  (0 .1 510 N o n e  None 101 . z  

I - I  ( R c  5 5 F t l .  < 0 . 1  510 N0.C N e n e  11111. I 214 

213 1.1 (Rc 5 5 6 1 1 .  tO.l 485 I . R . ,  0 H , Ha111 - b l e a r e d  I . H  , i l  H . .  1\.11% 1i1h.l 

Y - I  (Re 5 5 6 1 1 .  ~ 0 . 1  '800 1 . R  , O . R . .  B a l l s  - bneared I . H . .  0 H . .  11a115 1 2 2 . 0  220 

231 I - 1  ( R c  5 5 8 1 1 .  <O.l 445 N o n e  N""c  122.0 

234 5 - I o n e l  ( R c  331 <o, I 

233(2) S-Ioncl ( R e  331 40.0 

i o 9  N o n e  

480 I . R .  F r a g m e n t  UenLcd 
O . R .  Glared 

N o n e  1 3 4  0 

\ o n e  1 3 4 . 0  

219 I - 1  I R c  5 5 ) S t l .  <0.1 499 None N O " =  I l , U . 5  

210 I-1 I R E  5 5 ) S t l .  0.5 505 I . R . .  O . R .  - S v p c r f i c a l l y  N o n e  I(,H.B 
P l t t c d  

212 I - 1  ( R e  5 5 l S l l .  <O.l 510 Nene None lh9.0 

211(21 I-I ( R c  551511.  - 131 505 I . R . .  O . R .  - G l a z e d  C I . R . .  O . R . .  B ~ 1 1 5  lh9.O 
Fr a g m c n I  Oenled 

Dented 
B a l l s  - Flaked G F r a g m e n t  

20612) S-Yonel  ( R c  33) 2 1 . 5  4 7 5  I . R . .  O . R . .  5 1 i g h f l y  G l a z e d  N o n e  209.4 

205 5 - I o n e l  (Rc 33) 0.2 496 None N o n e  209.4 

202 S - Y s n e l  (Rc 331 0.2 485 

201 S - Y o n e l  ( R c  331 <o .  I 500 

204 5-Yonel  (Rc 331 0 . 2  500  

203 S-Monel (Rc 331 tO.l 505 

210 S - I o n e l  ( R e  33) <O.I 492 

209 5 - I o n e l  ( R c  33) ' 0 . 1  515 

456 

500 

227 I- I  I R c  551Stl. t0.1 

226 # - I  (Rc 5 5 1 5 1 1 .  0 . 4  

230 I - I  ( R e  5 5 1 5 1 1 .  (0 .1  500 

229 I - 1  ( R s  5 5 1 5 1 1 .  (0.1 410 

236 I-I (Rc 5 5 ) S t l .  0.0 

235 I - I  I R c  5 5 ) 5 1 1 .  < o . I  

238 I - 1  IRc 5 5 ) S t l .  0.0 

237 I L L  I R c  5 5 )  S t l .  (0.1 

460 

515 

510 

495 

N0.C 

N O " *  

N o n e  231. I 

N o n e  231. I 

None 231.1 

N o n e  231.1 

N o n e  231. I 

None 231.1 

None 231. I 

None 231. I 

N o n e  231. I 

N o n e  231. I 

None 231. I 

Nome 231.1 

None 231.1 

None 231. I 

( 1 )  The I - I  I R c  551 s t e e l  C a g e s  mere r l l v e r  p l a t e d  o n  t h e i r  b o r e s  8 1  s h o r n  i n  Enclosure I6 o f  1 1 ) .  

(2) The Inner r a c e  c a g e  {and r l d l i g  r u r f 8 c e s  O f  t h i s  bearing W a s  W O T n  e x c c S S i V c l y .  

131 The Cage bore  r e a r  f o r  t b l r  bear ing  c o u l d  n o t  be  d e t e r m l a t d  r l n e c  t h e  c a g e  had s h a t t e r e d  

(4) T h i s  t e s t  I s  ~ o n s l d e i c d  a n  a b o r t e d  t e l l  b e c a u s e  of excessive 0 1 1  l e a k a g e  from the  r i g h t  g l a s s  
f o r  Bearing N O .  200. 

( 5 )  B o t h  b e a r i n g s  i n  t h i s  t e s t  mere c a n s i d e r e d  suspended t e r t r  bteaYle i t  M a s  f o u n d  t h a t  exccrrlve 
c o k i n g  hsd formed o n  t b e  f a i l e d  b e a r i n g  during t h e  n o r m a l  weekend shutdown whicb c O n f r i b u t e d  t o  
i t s  f a i l u r e  upon restart. 

(61  B o t h  b e a r i n g s  i n  t h i s  t e s t  are  c o n s i d e r e d  suspended t e s t s  s i n c e  f a i l u r e  o f  t h e  b a l l s  i n  B e a r i n g  
N o .  211 i s  a t t r i b u t e d  t o  s h a t t e r i n g  of  L b e  c a g e .  

RESEARCH LASORATORY SSP I N D U S T R I E S ,  I N C .  
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E N C L O S U R E  13 

ENDURANCE .Or  Cyl l  I - 1  STEEL 7 2 0 5  BEABINGS (+(55760) 

Te.1  
R""  
L 

E-35 

e-37  

( 4 )  
E - 3 8  

E-36 

E-40  

E-43  

E-42  

EL41 

t . -44 

I .I 1 
L R O  

1 7 )  
I - I U  

I -211 

1 - 2 1  

1 - 1 7  

L-1'1 

e.... 1.9 
A 

3 1 9  

318 

3 2 8  

3 2 1  

3 3 5  

3 3 4  

3 1 7  

316 

341 

3 4 0 ( 2 )  
( 3 )  

3 4 3  

3 4 2  

3 3 7  

336 

347 

3 4 6 ( 3 )  

339 

3 3 8  

3 3 3 ( 2 )  

3 3 2  

247 

2 4 6  

2 5 2  

2 5 1  

2 5 4  

2 i R 

2 4 4  

2 4 3  

249 

2 4 8  

Are. Temp. 
or 

506 

501 

Llf. 
106 Re.'. 

2 6 . 5  

2 6 . 5  

31.6 

31 .6  

4 6 . 7  

4 6 . 7  

4 P . 6  

4 P . 6  

5 4 . 2  

5 4 . 2  

7 1 . 3  

7 7 . 3  

7 7 . 8  

7 7 . 8  

7 9 . 6  

7 9 . 6  

1 0 3 . 7  

1 0 3 . 1  

1 6 1 . 3  

1 6 1 . 3  

2 1 6 . 0  

2 1 6 . 0  

2 3 0 . 8  

2 3 0 . 8  

2 3 1 . 1  

231.  I 

231.  I 

2 3 1 .  I 

2 3 1 . 1  

2 3 1 .  I 

I - I  

I-1 

I - 1  

I-I 

I - I  

I-I 

I-I 

I-I 

I-I 

I - 1  

I - 1  

I-I 

I - I  

Y - 1  

I - 1  

I-I 

I-I 

I - 1  

*-I 

*.I 

I-I 

I - I  

Y - I  

I-I 

* . I  

I-I 

I - I  

Y - I  

* - I  

*-I 

1 . 4  

0 . P  

(0.1 

<0.1 

(0.1 

<0.1 

0 . 7  

go .1  

(0.1 

I P . 8  

0 . 2  

0 . 6  

c o . 1  

co.1  

<o. I 

0.2 

co .1  

co. I 

9 . 1  

'0.1 

( 0 . 1  

c o . 1  

< @ . I  

ao. I 

to. I 

so.  1 

(0.1 

to. I 

so.  1 

(0. I 

O.P. Sllpbtl, Glmxed 
1.1. F l a k e d  

1.8 

491 

488 

(Rs 5 5 1 5 1 1 .  

(IC 5 5 ) S t l .  

550 

470 

I . R .  - Glmred & FImked 
0.8. - 5 l l g h t l y  Glazed 

I . R .  

I . R .  - G l a z e d  & F l a k e d  I . R . .  B.111 
O . R .  - G l a r e d  
8.11 - 7 F l a k e d  

529 

495 

I . R . .  O . R . .  B a l l s  - Smeared I . R . .  O . R . .  8.11s 

I . R . .  O . R . .  Sllghtly G l a r e d  NO"= 

( R e  5 5 )  S t l .  

I R c  55 )  S t l .  

550 

540 

I . R . .  O.R.. S l l g h l l y  Glmred N0.C 

I . R .  - G l a r e d  & F l a k e d  
O . R .  - Glazed  

I . R .  

405 

4P7 

I . R . .  0.1. - 511phtly G l a r e d  None 

I . R .  - Glazed  G S v p e r f 1 c l . l l y  

O . R .  - G l a r e d  

I . R . .  O . R . .  B a l l s  - Smeared I.R.. O . R .  8 1 1 1 s  

P i t t e d  N0.C 

I . R .  - S u p e r f l e i a l l y  P i t i e d  NO.. 
O . R .  - S l l g h t l y  G l a r e d  

( R C  5 5 )  S t l .  

I R C  5 5 )  S t l .  

S I 0  

485 

505 

500 

SO7 

49 I 

N o n e  N o n e  

I . R . .  O . R .  - Glazed  & F l a k e d  I . R . .  0.R 

I . R . .  O . R .  - S l i g h t l y  G l a r e d  N0.C 

I . R .  - Glazed  G F l a k e d  
O . R .  - G l a r e d  
8111s - I F l a k e  

I . R . ,  B a l l  

I . R .  I . R .  - G l a r e d  G F l a k e d  
0 . 8 .  - G l a r e d  

I . R .  - G l a r e d  G P u l l e d  I . R .  
O . R .  - S l i g h t l y  G l a r e d  G 

S u p e r f i c i a l l y  P i t i e d  

496 

419 

49s 

504 

NO"* N o n e  

I . R . .  O . R . .  B a l l s  - Smeared I . R . .  O . R . .  B a l l s  

506 

SO0 

'I11 

so5 

N o n e .  1 8111 F l a k e d  

N0.C 

505 

so5 

None 

N0.C 

496 

47s 

None 

N0.C 

i l l  The Y - l  I H c  

( 4 )  I n  a c c o r d a n c e  w i t h  R u l e  2 f o r  enduI*nCC l C I Y l I I  ( g l r c n  i n  t h e  A p p e n d l r ) , o n s  bsarlng i s  c e n s l d c r c d  
a f a i l u r e .  t h e  o t h e r  i s  c o n s i d e r e d  8 %  a rv rpcnded  t e s t .  

( 5 )  Both b e a r l n g r  i n  t h i s  t e s t  were c o n r l d e r c d  s u s p e n d e d  t e s t s  b e c a u s e  I t  1.5 f o u n d  t h a t  a x c r s s l v c  
e r k i n p  h a d  formed on t h e  f a i l e d  b c a r l n g  dur lng  t h e  normal weekend shutdown w h l c h  c o n l r l b u t e d  
t o  i l l  f.ll"rc "PO" restar1. 
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AL6 5 TO3 1 

ENCLOSURE 15 

ENDOIANCE OF CVI I-1 STEEL 7205 BEARINGS (S455760) IN A 1 2  ATIOSPBEPE 

Thrust Load = 459 Lbs. SDeed = 42.800 r p m  Lubricant = Ionaanto Skvlube 600 (PIA 524) 

T e a t  
Run 
L 
(1) 
E-31 

(1) 
E-34 

(1) 
E-33 

(1) 
E-26 

E-52 

(1) 
E-27 

E-29 

E-24 

E-30 

E-25 

E-28 

E-32 

E-23 

Avg. Temp. 
oc 

300 

300 

300 

300 

300 

300 

300 

300 

500 

413 

300 

300 

466 

426 

428 

518 

506 

504 

408 

500 

476 

561 

543 

541 

595 

587 

Bearing 
No. 

308 

311 

310 

309 

306 

305 

269 

268(3) 

255(3) 

259(3) 

303 

268(3) 

2 7 0 ( 2 )  

304(3) 

263(3) 

262 

313 

304(3) 

263(3) 

264 

302 

301(5) 

Lubricatlon Dirtreraed 
ElODen t (1) 

I . R . .  O . R . .  Bo111 - Smeired 
None 

Life 
106 8e.s. 

.I5 

.03 

.05 

. 05  

.08 

.08 

.13 

.13 

.26 

.26 

. 2 6  

.26  

1.74 

.59 

.77 

.71 

1.03 

1.03 

1.15 

1.15 

2.51 

2.57 

5.14 

5.14 

98.6 

98.6 

18teriai 

I-1 ( I C  5 5 )  Stl. 

I - 1  (Re 55) Stl. 

Pirt(r) Filled 

1.8.. O . R . .  Balls 

None 

I.R.. O . R . .  Balls 

None 

(0.1 

2.0 

< 0.1 
< 0.1 

< 0.1 
< 0.1 

< 0.1 
4 0.1 

0.1 

0.1 

2 . 0  

0 . 5  

< 0.1 
< 0.1 

4 0.1 

< 0.1 

< 0.1 
0.8 

4.5 

2.3 

< 0 .1  

3 5 . 0  

4 0.1 

< 0 . 1  

0.2 

89.3 

I-1 (Re 5 5 )  Stl. 

I-1 ( I C  55) Stl. 

1.8.. O . R . .  6.111 - Smeired 

None 

Y-1 ( R c  55) Stl. 

Y-1 ( R c  55 )  Stl. 

I . R . .  O . R . .  Balls - Smeared 

None 

I . R . .  O . R . .  Balls 

None 

I-1 ( R e  55) Stl. 

I-1 ( R c  5 5 )  Stl. 

I.R.. O . R . .  Balls - Smeared 

None 

I . R . .  O . R . .  Balls 

None 

I . R . .  O . R . .  Balls 

None 

I.R., O . R . .  Balls 

None 

Y - 1  ( R c  55) Stl. 

Y-1 ( R c  55) Stl. 

I . R . ,  O . R .  Balls - Smeared 

None 

Y-1 (Rc  55) Stl. 

Y-1 (Rc 55) Stl. 

I . R . .  O . R . .  Balls - Sme8red 
None 

I - 1  (Rc 55) Stl. 

Y-1 (Rc 55) Stl. 

I . R . .  O . R .  - Glazed & Flaked 

None 

1.8.. O . R .  

None 

Y-1 ( R c  55) Stl. 

Y - 1  ( R c  55) Stl. 

None 

I.R.. O . R .  - Superficlally 
Pitted 

None 

None 

Y-1 ( R c  55) Stl. 

Y - 1  ( R c  55) S t l .  

None 

I . R .  - Glazed & Flaked 
O . R .  - Glazed 

None 

I.R. 

Y-1 ( R c  55) Stl. I.R.. O . R .  - Superficially 
Pi tted 

I.R. - Glazed & Flaked 

None 

I . R .  Y - 1  ( R c  55) Stl. 
U . R .  - Glazed & Superflclally 

Pitted 

None None 

I.R.. O . R .  - Glazed & Flaked I . R . ,  O . R . .  Balls 
Balls - 2 Flaked 

I - 1  ( R c  55) Stl. 

Y - 1  ( R e  55) S t l .  

I.R. - Glazed None 
O . R .  - Glazed & Superficlally 

Pitted 

I . R . ,  O . R .  - Slightly Glazed None 

259 (3) Y - 1  ( R c  55) S t l .  

307 Y - I  (Re 55) 511. 

261 Y - 1  (Re 55) Stl. 

2 6 0 ( 5 )  Y-1 (Re  55) Stl. 

None 

I . R .  - Flaked 
O . R .  - Glazed 
Balls - 1 Flaked 

None 

I.R., Balls 

t o  be 30OoF since actual temperatures were not ( 1 )  Average bearing temperatures f o r  t h i s  run were estimated 
obtained due t o  short test duration. 

( 2 )  The test llfe of t h l s  bearing differs from i t s  CompanlOn bearina because I t  had been run Dreviously i n  a n  ~~ 

aborted test. Its accumulated test life bas been used f o r  maximum Ilkellhood cstimates. 

(3) As Shown above.this bearing has been run i n  two tests; therefore, Its accumulated test life has been used 
for maxlmum llkellhood estimates. 

(4) The cages were silver plated I n  their bores as  shown In Enclosure I6 of  Reference ( 1 ) .  

( 5 )  The inner race cage land rldlng rsrfaces of  t h i s  bearing was worn excessively. 
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ENCLOSURE 19  

WEIBULL PLOT OF CVM M-1 BEARINGS (SMEARING F A I L U R E S  O N L Y )  
AT C/P = 7 . 8  WITH TURBO O I L  35  
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ENCLOSURE 20 
A L 6  5 T 0 3  1 

WEIBULL P L O T  OF CVM M-1 B E A R I N G S  ( A L L  F A I L U R E S )  
- AT C/P = 7 . 8  WITH TURBO O I L  35 
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E N C L O S U R E  21 

W E I B U L L  P L O T  OF CVM M-1 B E A R I N G S  ( S M E A R I N G  & F L A K I N G  F A I L U R E S  O N L Y )  
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ENCLOSURE 2 2  - 
WEIBULL PLOT OF CVM M-1 B E A R I N G S  ( A L L  F A I L U R E S )  

AT C/P = 6 . 2  WITH TURBO O I L  35  
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ENCLOSURE 2 3  
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ENCLOSURE 24 

WEIBULL PLOT OF CVM M-1 BEARINGS (ALL F A I L U R E S )  
AT C/P = 6 . 2  WITH SKYLUBE 600 (PWA 5 2 4 )  I N  N2 ATMOSPHERE - 
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ENCLOSURE 25  

R 

PLOT OF CVM M-1  BEARINGS ( A L L  F A I L U R E S )  
WITH SKYLUBE 600 (PWA 5 2 4 )  IN N 2  ATMOSPHERE 
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ENCLOSURE 26 
AL 65T03 1 

WEIBULL PLOT OF CVM M - 1  B E A R I N G S  ( A L L  F A I L U R E S )  
AT C/P = 6 . 2  WITH SKYLUBE 600 (PWA: 5 2 4 )  I N  A I R  

n 
m 

nmx wiam - o i m i  F D N I ~  

RESEARCH LABORATORY s)csP I N D U S T R I E S ,  INC. 



AL 6 5 TO 3,1_ 

ENCLOSURE 27 

WEIBULL P L O T  OF CVM M-1 BEARINGS (SMEARING AND FLAKING F A I L U R E S  ONLY) 
AT C/P = 6 . 2  WITH X R M  1 0 9 F - 1  
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WEIBULL P L O T  OF 
AT C/P 
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ENCLOSURE 2 8  

CVM M-1 B E A R I N G S  ( A L L  F A I L U R E S )  
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